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Abstract 
The 1986 Chernobyl accident released large amounts of radioactive contamination into the 
surrounding environment. As a result, the Chernobyl region provides a suitable site for 
investigations into the effects of ionising radiation on non-human biota. Studies of this type 
are important in order to establish whether or not current anthropocentric radiation protection 
guidelines are appropriate for the protection of the wider environment. Despite the presence 
of many freshwater habitats in the region, there have been few studies investigating the effects 
of radiation on aquatic invertebrates. In the present study, the effects of Chernobyl-derived 
radionuclide contamination on the red-eyed damselfly, Erythromma najas (Hansemann 1823) 
were investigated. This large scale study involved analysis of 720 E. rajas specimens 
obtained from eight lakes in the Chernobyl region ranging in 137Cs contamination levels from 
37000 kBqm-2 to 100 kBqm-2. Estimated external dose rates of ionising radiation ranged from 
24 µGyhr-1 to 0.066 µGyhr-I. Fitness of E. najas populations was assessed both 
phenotypically (by the use of fluctuating asymmetry (FA) techniques) and genetically (by the 
use of inter simple sequence repeat (ISSR) markers and mitochondrial (mt) DNA sequencing 
techniques). FA was assessed by the analysis of eight bilateral traits and no relationship 
between FA and dose rates of ionising radiation was found. Analysis of 61 ISSR bands 
revealed no evidence of elevated mutation rates in contaminated lakes. This finding was 
supported by the results of the mtDNA sequencing study which involved sequencing of the 
COI and COII regions of 80 E. najas specimens. The sequencing study revealed high levels of 
gene flow between the Chernobyl lakes and no evidence of either an increased mutation rate in 
contaminated lakes or a population bottleneck. In summary, these studies have revealed no 
adverse effects of Chernobyl-derived ionising radiation on E. rajas populations. 
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Chapter 1 
Introduction 
1.1 Ionising radiation and Chernobyl 
Current international and UK radiation protection guidelines are based on what constitutes 
safe doses of ionising radiation for humans (ICRP 1977). While the radiation protection 
criteria to protect human health are well established, there is little information with respect 
to the impact of ionising radiation on the environment. The International Commission on 
Radiological Protection (ICRP) regularly produces recommendations on which legal 
requirements are based. In 1977 the ICRP stated that if man is adequately protected, other 
species are also likely to be sufficiently protected (ICRP 1977). In 1991, the ICRP stated 
that whilst individuals of other species may be at risk of impacts from environmental 
radiation, populations would not be affected and it is population effects which are of 
concern (ICRP 1991). This anthropocentric approach is concerned with impacts of 
ionising radiation on the environment, only if those impacts also directly affect humans 
(e. g. accumulation of radionuclides in the human food chain) (Pentreath 2004). Recently 
much attention has been focused on demonstrating whether or not the current situation, 
with regards to radiation protection guidelines, adequately protects the environment from 
ionising radiation (Copplestone et al. 2000; Brechignac 2003; Pentreath 2004; Smith 
2005). Whilst some feel that the current situation is adequate (Smith 2005), in general, 
approaches to this issue are becoming increasingly biocentric and concerned with 
protecting not only human health but the health of individuals of other species and thereby 
protecting the entire ecosystem of which humans are a part (IUR 2003). In addition, the 
ICRP Committee 5 has been established to assess the development and application of 
current approaches to environmental radiological protection. 
The current ICRP dose limit is 1 mSv year-' for members of the public (for gamma and 
beta radiation this is approximately equal to 1 mGy year) much lower than for other 
mammals which have a guideline level of 1 mGy day-' (IAEA 1992; UNSCEAR 1996), the 
difference being due to the endpoints considered for humans and other biota. For humans, 
the effective endpoint is considered to be the induction of cancer, whilst for other 
mammals the effective endpoint is considered to be a detrimental effect on their 
reproduction. Also, for human populations, each individual must be protected from 
radiation, whilst for other mammals the population is considered as a whole (Brechignac 
2003). Studies of chronic low exposures in the natural environment (such as studies at 
Chernobyl) are increasingly reporting effects at the individual level for non-human biota 
(Brechignac 2003). 
1.1.1 Ionising radiation 
As radioactive materials decay, there are four main types of radioactive emissions that 
could be released from the nuclei of atoms: alpha particles, beta particles, gamma rays and 
x-rays. Alpha particles are large, heavy, positively charged particles that cannot pass 
through human skin. Beta particles are small negatively charged particles which are fast 
moving and can penetrate biological tissue for up to 1-2 cm. Gamma rays and x-rays are 
high-energy waves and can easily penetrate human skin and organs. The type of emissions 
produced during radioactive decay, and the speed at which the decay takes place, varies 
according to the type of radioactive material. Due to decay, the amount of radioactive 
material is continuously decreasing, and the time taken for half of a given amount of 
radioactive substance to decay is defined as the radioactive half-life. For example, 
Caesium-137 (137Cs) emits a beta particle and a gamma ray during each decay event and 
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has a radioactive half-life of 30.1 years. The amount of a radioactive substance is 
measured in becquerels (Bq). One becquerel of material will undergo one decay event per 
second on average. The dose of radiation absorbed by biological tissue is measured in 
grays (Gy) (termed the `absorbed dose') and one joule of radiation energy absorbed per 
kilogram of tissue is equal to one gray. The biological effect of an absorbed dose is 
dependent upon the type of radioactive emissions that provided the energy, and the tissue 
type that the energy is supplied to. The `equivalent dose', measured in sieverts (Sv), 
accounts for the different biological effectiveness of different radiation types, for example, 
1 Gy of gamma radiation is approximately equal to 1 Sv of equivalent dose, but 1 Gy of 
alpha radiation is equal to approximately 20 Sv of equivalent dose. Tissue weighting 
factors can then be used to calculate the `effective dose' to the entire body from an 
equivalent dose to one or more body tissues. 
Much of the current data regarding the effects of ionising radiation on non-human biota has 
been generated in lab-based experiments which involve administering high acute doses of 
radiation to a few individuals (IUR 2003). Although this approach is useful to establish 
quantitative data such as LD50 statistics, difficulties arise when an attempt is made to apply 
the findings of such lab-based studies to situations in the natural environment (Brechignac 
2003). The effects on populations or ecosystems exposed to realistic chronic low doses of 
radiation are difficult to predict based on the results of single-species laboratory-based 
experiments (Brechignac 2003). For example, in isolation, a population of benthic diatoms 
reduced in size when exposed to UV radiation. However, when the same population was 
placed in a simulated relevant ecosystem and exposed to UV radiation, the population 
increased in size, due to the decrease in the number of predatory radiosensitive 
Chironomids (Bothwell et al. 1994). It is therefore important to establish what effects, if 
any, chronic low-dose ionising radiation has on non-human biota in their natural habitats. 
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Sites contaminated by ionising radiation, either by accidents (e. g. Chernobyl) or by nuclear 
testing (e. g. Totsk in Russia, or Bikini Atoll in the Pacific Ocean), provide ideal conditions 
to study the impact of ionising radiation on natural ecosystems. 
1.1.2 The Chernobyl accident 
The Chernobyl accident, the worst nuclear accident in history in terms of doses to biota 
(Anspaugh et al. 1988), occurred on the 26th of April 1986 when reactor 4 of the 
Chernobyl Nuclear Power Plant (CNPP) exploded releasing large amounts of radioactive 
substances into the surrounding environment, contaminating parts of Ukraine, Belarus, 
Russia and western Europe (Fig. 1.1). Short lived radionuclides such as Iodine-131 (131 I) 
(with a radioactive half life of 8.1 days) decayed to insignificant levels during the first few 
weeks after the accident, leaving the longer-lived radionuclides to persist. Currently, 
137Cs, 
a gamma/beta emitter with a radioactive half-life of 30.1 years, and Strontium-90 (90Sr), a 
beta emitter with a radioactive half life of 28.8 years, are the two radionuclides that 
contribute the major part of the dose in the contaminated areas. Over time, as 
137Cs and 
90Sr decay, Plutonium (Pu) isotopes and Americium-241 (241Am) will form the major part 
of the dose (Smith and Beresford 2005), (Fig. 1.2). 
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Fig. 1.1 137Cs contamination following the 1986 Chernobyl accident 
(Smith and Beresford 2005). 
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Fig. 1.2 The decay of radionuclides following the 1986 Chernobyl 
accident (Smith and Beresford 2005). Note that 241Am increases, 
produced by the decay of 241Pu. PBq: petabecquerel (1 million 
becquerels). 
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1.1.3 Initial effects 
Following the explosion, a large radiation plume was blown west of CNPP over a pine 
forest. The plume dropped hot particles (radioactive particles of reactor fuel) onto a 600 m 
wide zone of the forest. Trees covering a total area of 6 km2 were killed within several 
days of the accident. Higher plants and conifers are the most radiosensitive of this group 
with an acute lethal dose range of 10-1000 Gy (UNSCEAR 1996). Doses to the surface of 
the trees after the Chernobyl accident were estimated at over 100 Gy (Smith and Beresford 
2005). In 1987-1991, the area of dying trees increased and 120 km2 of forest was 
designated as `medium damage' (Medvedev 1994). There was also a reduction in the 
number of rodents in this area and of those that did survive, some had abnormalities in 
their internal organs (Medvedev 1994). A study by Krivolutskii et al. (1990) found that 
soil fauna close to the CNPP showed a significant drop in the number of invertebrates 
inhabiting the forest litter in comparison with control areas. The abundance of common 
soil mites decreased by 30 fold. The authors suggest that the radiation caused the eggs and 
early developmental stages of most invertebrate species inhabiting the forest litter to die. 
One year after the accident, invertebrate population numbers showed some recovery due to 
animals moving in from uncontaminated areas, and within two and a half years, the soil 
fauna in the contaminated areas had almost completely recovered (Krivolutskii et al. 
1990). 
Fish in the highly contaminated CNPP cooling pond accumulated 137Cs in their muscles, 
leading to activity concentrations which were higher than Ukrainian government set 
intervention limits (and therefore were deemed unsafe for human consumption). There 
appeared, however, to be no effect of radiation on the growth or reproduction of these fish 
(Medvedev 1994). One study did however find delayed gonad development, lower 
concentrations of sperm in ejaculate and higher numbers of damaged spermatozoa in male 
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bighead carp Aristichthys nobilis (Richardson 1845) from the cooling pond compared with 
a control group (Makeyeva et al. 1996). 
After the accident, an exclusion zone with a radius of approximately 30 km was 
established around the CNPP. People were evacuated from this area within eight days of 
the accident and this exclusion zone is still in place today. There is no evidence that any 
plant or animal species has been permanently eliminated from the most contaminated 
areas, except where soil was removed during the clean-up operation (Dreicer 1996). In 
fact, within the exclusion zone itself, the lack of people appears to have allowed 
populations of animal species to increase above levels seen prior to 1986. Rodent 
population numbers within the zone before 1986 were estimated at 20-35 animals per 
hectare. In 1987, after the exclusion of people from the zone, there were estimated to be 
2500 animals per hectare (Jackson et al. 2002). A study on populations of zebra mussel, 
Dreissena polymorpha (Pallas 1771) from lakes in the Chernobyl area showed that 
radiation had no significant effect on the population structure (Fetisov et al. 1992). 
Anecdotal evidence suggests however, that there has been a decline in animal species that 
are associated with human habitation such as rats and pigeons. 
1.1.4 Present study 
The contaminated areas of the Chernobyl region provide an excellent site for investigations 
into the long-term chronic effects of ionising radiation on the environment. The exclusion 
zone contains many lakes and lends itself to studies of how aquatic organisms cope with 
high levels of radioactive contamination in an area devoid of human habitation. This study 
investigates the effects of Chernobyl-derived ionising radiation on aquatic larvae of the 
red-eyed damselfly, Erythromina rajas (Hansemann 1823). This chapter includes basic 
background information to the study and introduces the methods used to investigate the 
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effects of ionising radiation on the species of interest. A more in-depth review of literature 
is included in subsequent chapters. 
1.2 Erythromma najas 
1.2.1 Selection of a study species 
Contaminated lakes in the Chernobyl region hold most of their contamination in the 
sediment (Smith and Beresford 2005). It is therefore preferable to study an aquatic 
invertebrate which resides in or on the sediment. Preliminary sampling in the Chernobyl 
region revealed that E. najas larvae were present in both contaminated and non- 
contaminated lakes. These larvae inhabit the surface sediment and submerged vegetation 
at the fringes of lakes and are large, easily identifiable freshwater invertebrates. 
1.2.2 E. najas life cycle 
E. najas is found in central Europe and Asia (D'Aguilar et al. 1986) where it inhabits still 
water or very slow moving rivers and canals. Adults begin to emerge in May (D'Aguilar et 
al. 1986). Within a few days of emergence, young adults become fully mature and are 
ready to mate. Mating occurs and eggs are laid into the underside of floating vegetation. 
In areas devoid of floating vegetation, E. najas lay their eggs in the flowering stems of 
submerged pondweed. Males and females submerge in the water body together to lay eggs 
(Cham 1999) and water lilies are the preferred oviposition sites. Eggs hatch after 4-6 
weeks and the larvae usually take 6-9 months to develop (D'Aguilar et al. 1986) but can 
take up to two years (Cham 1999). Larvae grow by moulting and although the exact 
number of instars for E. najas is unpublished, other Odonata species undergo between 10 
and 20 instar stages (Corbet 1999). 
1.2.3 E. najas dispersal 
Adult damselflies are strong fliers and are potentially capable of moving large distances. It 
is possible that individuals are not confined to one lake and over time, some genetic mixing 
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between lakes may occur. There is no published literature concerning the movements of E. 
najas specifically, but there have been studies on the dispersal and migration of other 
members of the Coenagrionidae family. There are four types of movements that Odonata 
make: maiden flight, daily commuting between roost site and open water, seasonal refuge, 
and migration. It is the seasonal refuge and migration which are most likely to result in 
genetic mixing (Corbet 1999). 
The maiden flight enables newly emerged adults to move away from potential predators 
near the water (Corbet et al. 1960). During the maiden flight the adult is not very strong 
and the flight is likely to be short (Corbet 1999). Two members of the Coenagrionidae 
family, Enallagma boreale Selys 1875 and Enallagma carunculatum Morse 1895 flew on 
average 42 cm - 53 cm before landing (Logan 1971). Despite the lack of mark-release- 
recapture studies of maiden flights, it is thought that individuals return to the water body 
from which they emerged, as it has proved to be a successful breeding habitat and is in 
close proximity. Moreover, males show homing behaviour between their roosting sites and 
the water, and similar behaviour may be exhibited following the maiden flight (Corbet et 
al. 1960). 
The lengths of daily commuting flights vary greatly between species and depend on local 
topography and vegetation. For Ischnura elegans (Vander Linden 1820) (another 
Coenagrionid) a study of 1000 individuals found that most moved less than 5m overall, 
during their adult life (Gittings 1988). A study of E. boreale in Washington State found 
that 90% of the individuals stayed within 46 m of the waters' edge and none travelled 
further than 228 m (Logan 1971). 
Mark-release-recapture studies of damselflies have revealed low levels of movement for 
the majority of individuals (Stettmer 1996; Purse et al. 2003; Watts et al. 2004c). A mark- 
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release-recapture study of Coenagrion mercuriale (Charpentier 1840) at two UK heathland 
sites found that mature adults had low rates of movement (Purse et al. 2003). On average. 
50% of recaptured adults were found within 25 m of their marking site and 93% of 
individuals moved less than 200 in (Purse et al. 2003). The maximum distance moved by 
any individual was less than 1 km (Purse et at. 2003). A further mark-release-recapture 
study of C. mercuriale investigated movements between habitat patches in the Itchen 
Valley, UK (Watts et al. 2004c). On average, 73% of recaptured individuals moved less 
than 50 m and the maximum distance moved by any individual was 1790 m (Watts et al. 
2004c). An additional mark-release-recapture study of Calopteryx splendens (Harris 1782) 
and Calopteryx virgo (Linnaeus 1758) found that recaptured individuals had an area 
specific average dispersal radius of 0.14 to 0.18 km (Stettmer 1996). Between 1 and 5% of 
recaptured individuals moved more than 1 km and the maximum distance travelled by any 
recaptured individual was 4 km (Stettmer 1996) 
Three species of Coenagrionidae have been recorded taking seasonal refuge, but these 
were all in Africa where seasonal rainfall affects habitats. Seasonal refuge flights do not 
result in adults breeding in a new area unless they become blown off course (Corbet 1999). 
Ten species of Coenagrionidae (all Ischnura spp. ) have been recorded migrating but all of 
these were in Africa, SE Asia or the Middle East. In these areas, those that migrate inhabit 
temporary water bodies resulting from seasonal rainfall. Ischnura asiatica Brauer 1865 
has been recorded arriving at a new site on strong winds in the NW Pacific Ocean, having 
been carried 1800 km (Corbet 1999). 
In summary, dispersal is most important for species that live in temporary habitats such as 
small ponds susceptible to drying out (Corbet 1999). At permanent lowland sites such as 
the lakes in the Chernobyl region, there is little pressure for individuals to disperse. 
Furthermore, mark-release-recapture studies of related species have found low levels of 
movement (Purse et al. 2003; Watts et al. 2004c). It is therefore suggested that dispersal 
of E. najas between lakes in the Chernobyl region will be minimal. 
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1.3 Project Aims 
This project aims to investigate the effects of the radioactive contamination released by the 
Chernobyl accident on the fitness of E. najas populations. 
Hypothesis: Radioactive contamination released by the Chernobyl accident has had 
adverse effects on the fitness of E. najas populations. 
In order to test this hypothesis, the fitness of populations must be estimated. The term 
`fitness' is difficult to define in an ecological sense (Metz et al. 1992; Benton and Grant 
2000) and measurements of fitness are usually based on population growth, population size 
or, most commonly, reproductive success (Benton and Grant 2000). Lifetime 
Reproductive Success (LRS) is a measure of an individuals reproductive success and is a 
product of an individual's reproductive life span, fecundity per reproductive year and 
offspring survival (Brown 1988; Grafen 1988). In order to estimate LRS live specimens 
are required to be studied over their entire reproductive lifespan and the number of 
offspring must be recorded. This would be logistically difficult and therefore alternative 
methods of measuring fitness are necessary for this project such as phenotypic or genetic 
indicators. In addition, although the sensitivity of insects to radiation varies widely (Smith 
and Beresford 2005) in general insects are less radiosensitive than higher organisms. It is 
perhaps therefore unlikely that mortality effects on insects would result from the chronic 
low dose rates of ionising radiation experienced by insects in the Chernobyl region. More 
sensitive indicators of effects of radiation will therefore be used. 
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1.4 Phenotypic fitness indicators 
Phenotype plays an important role in the process of sexual selection. Darwin (1871) 
described two types of sexual selection: `male-male contests' which involves same sex 
competitions (usually male) in order to gain access to, or gain possession of, members of 
the opposite sex; and `mate choice' which involves individuals (usually females) selecting 
a member of the opposite sex for mating purposes (Darwin 1871). Some species display 
specific features evolved through sexual selection to attract mates (e. g. the male peacock 
displays his large colourful tail to attract females) (Andersson 1994). Phenotypic fitness 
could be estimated by examining these specific features used to attract mates possessed by 
different individuals in a population e. g. female budgerigars preferred males with clean 
(and therefore highly reflective) plumage than males with soiled (less reflective) plumage 
(Zampiga et at. 2004). Such studies involve investigating the adult forms of organisms 
capable of reproduction. This study however, investigates the larvae of E. najas which are 
not sexually mature and do not posses obvious features involved in attracting mates. 
Phenotypic fitness can also be measured by the presence of phenotypic abnormalities such 
as albinism (Moller and Mousseau 2001) or wing venation anomalies in damselflies 
(Muzlanov 2002) which demonstrate `poor' genetic material and are typically selected 
against. Deformities were found in the antennae and mouthparts of nine species of 
Chironomid larvae and adults sampled from the Chernobyl region (Williams et al. 2001). 
In such studies, care must be taken to define what exactly the `normal' situation is, so that 
deformities can be recorded accurately. 
Symmetry of bilaterally symmetrical organisms is another feature that attracts mates and 
therefore contributes to successful reproduction. The asymmetry of normally bilaterally 
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symmetrical traits is termed fluctuating asymmetry (FA) and for this measure the normal 
situation is well established - perfect symmetry (Palmer and Strobeck 1986). 
1.4.1 What is fluctuating asymmetry (FA)? 
Each individual possesses a target phenotype based on personal genetic make-up. This 
target phenotype would be theoretically achievable in a perfectly stable environment. In 
reality, the achieved phenotype may differ from the target phenotype due to developmental 
instability (developmental noise) (Nijhout and Davidowitz 2003). Developmental 
instability is the result of processes that disturb development such as stochastic 
perturbations that accumulate over time (Nijhout and Davidowitz 2003). Conversely, 
developmental stability is the result of processes that buffer the effects of noise during 
development (Nijhout and Davidowitz 2003). FA is considered to be the result of the 
balance between developmental instability and developmental stability. The more 
developmentally stable an individual, the less FA it will exhibit. As the balance between 
developmental stability and developmental instability is upset, FA increases. FA is a 
visible measure of developmental instability defined as a pattern of bilateral variation 
where variation in the difference between left and right sides is both random and 
independent and shows a normal distribution with a mean of zero (Palmer and Strobeck 
1986). 
1. -i. 2 Fluctuating asymmetry is related to environmental stress 
Increased energy expenditure in stressful conditions compromises developmental stability, 
affecting the balance between developmental instability and developmental stability, 
resulting in increased FA (Lens et al. 2002). Various stress conditions such as ionising 
radiation, UV radiation, fertilisers, pollutants, extreme saline conditions, herbivory and 
competition have been shown to cause increased FA in leaves and flowers of plants 
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(Moller 2000). Also, plants exposed to enhanced UV-B levels gave rise to offspring with 
increased levels of leaf FA (Midgley et al. 1998). 
FA in insects has been investigated under a number of different stress conditions. A 
positive correlation was found between FA and an increase in temperature stress in the 
water hog louse, Asellus aquaticus (Linnaeus 1758) (Savage and Hogarth 1999). The 
degree of FA was also positively correlated with levels of river pollution in caddisfly 
larvae Hydropsyche exocellata Dufour 1841 (Bonada et al. 2005) and for 4 out of 12 
characters measured in the caddisfly larvae Hydropsyche morosa Hagen 1861 (Bonada and 
Williams 2002). 
An increase in FA has also been noted in the wings of the apollo butterfly, Parnassius 
apollo (Linnaeus 1758) in the Pieniny Mountains in Poland, in a study comparing wild 
populations with museum specimens. The authors suggest that the increase in FA in the 
wild populations was due to a population bottleneck in the 1960's (Adamski and 
Witkowski 2002). Increased levels of wing FA were also noted in an endangered 
population of the moth Dysauxes ancilla (Linnaeus 1767) in Sweden, when compared with 
a non-endangered German population. Here, the authors suggest that the increase in FA 
may have been caused by the stress of living in an ecologically marginal habitat with non- 
optimal environmental conditions (Berzholtz 2000). 
Some investigations into FA have not detected any relationship between FA and 
environmental stress. There was no relationship detected between FA of tarsal segment 
spines and small increases in environmental temperature in the stonefly, Nemoura 
trispinosa Claassen 1923 (Hogg et al. 2001). Another study investigated the effects of 
applying a pesticide to the house fly Musca domestica Linnaeus 1758 during the egg-to- 
pupal stage of development (Floate and Fox 2000). The levels of stress (measured as the 
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percentage of larvae that failed to pupate) increased and the levels of fitness (measured by 
the average number of first instar larvae produced by each female in the starting 
population) decreased with pesticide application. However, FA of five wing 
characteristics did not differ between groups (Floate and Fox 2000). There was also no 
significant relationship detected between FA and parasitic infection of the freshwater 
shrimp, Gammaruspulex (Linnaeus 1758) (Alibert et al. 2002). 
1.4.3 Fluctuating asymmetry is related to fitness 
FA has previously been linked to mating success (Moller 1992; Moller 1993a; Moller 
1997; Carchini et al. 2000; Moller 2000) and therefore demonstrates a link to more 
traditional reproduction-based fitness measures. 
It has been demonstrated by artificial manipulation that female barn swallows prefer males 
with symmetrical tail feathers enabling increased breeding success for symmetrical males 
(Moller 1992). Pollinating insects are also more attracted to symmetrical flowers 
enhancing pollen transfer and chances of sexual reproduction (Moller 2000). A study 
investigating FA of wing measurements and setae numbers in I. elegans, a damselfly 
species, found a significant negative correlation between FA and mating success (Carchini 
et al. 2000). However FA was not found to be correlated to mating success in another 
damselfly species, Coenagrion scitulum (Rambur 1842) (Carchini et al. 2001), or in the 
yellow dung fly Scathophaga stercoraria (Linnaeus 1758) (Blanckenhorn et al. 2003). 
1.4.4 Fluctuating asymmetry and ionising radiation 
FA has been related to both environmental stress (in the form of radioactive 
contamination) and fitness in previous investigations at Chernobyl. FA was used as an 
indicator of developmental instability in camomile \fatricaria perforatu Merat 1812 
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sampled along a transect taken from the Chernobyl exclusion zone, to an uncontaminated 
area 225 km SE of Chernobyl (Moller 1998). FA was positively correlated with the levels 
of 137Cs along the transect with plants near Chernobyl exhibiting 3-4 times higher levels of 
developmental instability than plants in the control area (Moller 1998). 
FA was also used as an indicator of developmental instability of male stag beetles, 
Lucanus cervus (Linnaeus 1758) from the Chernobyl area compared with beetles from a 
control zone. Beetle horns (used for fighting to obtain mates) and elytra were measured. 
Beetles from the contaminated area had higher levels of horn FA compared with beetles 
from the control area. Also, male beetles found with a female had lower levels of FA than 
males found alone. Unmated males (males not found guarding a female) from Chernobyl 
had higher levels of FA compared to unmated males from the control area. The author 
suggests that radiation levels at Chernobyl had increased the extent of FA and thereby 
decreased mating status of stag beetles living in the area (Moller 2002). 
In another study it was found that barn swallows, Hirundo rustica Linnaeus 1758 from 
Chernobyl had increased levels of FA in male tail fork feathers compared with birds in a 
control area of Ukraine (Moller 1993b). 
A study undertaken at another site contaminated with radionuclides, Totsk, a former USSR 
nuclear test site, found that FA of cranial measurements of East European voles, Microtus 
rossiaemeridionalis Ognev 1924 was increased compared to voles in control areas (Gileva 
and Nokhrin 2001). 
1. -1.5 Is fluctuating asymmetry a suitable fitness indicator to use in this study? 
FA is related to environmental stress (including Chernobyl-derived radionuclide 
contamination) and fitness (see sections 1.4.2,1.4.3 and 1.4.4 for examples of both). A 
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survey of FA literature involving studies from 1996 to 2001 revealed that 56.8% of 
investigations found a significant relationship between FA and environmental stress (Hogg 
et al. 2001). Collection of data required for FA analysis can involve using either live or 
preserved specimens and does not require multiple generations to be studied. FA is 
however normally only about 1% of the trait size and any sizeable measurement error 
could mask real asymmetries (Palmer and Strobeck 1986). 
In the light of previous work, particularly the study on stag beetles from Chernobyl (Moller 
2002), FA appears to be a suitable method to use to investigate the effects of ionising 
radiation on E. najas larvae. E. najas larvae are bilaterally symmetrical with many 
features that could be potentially suitable for inclusion in a FA study (e. g. three pairs of 
legs, wing buds and antennae). 
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1.5 Genotypic fitness indicators 
Genetic fitness of a population can be indicated by many different factors such as 
heterozygosity and inbreeding (Coltman et al. 1998), population bottlenecks (Garza and 
Williamson 2001) and DNA damage such as mutations (Ellegren et al. 1997) or 
chromosomal damage (Zotti-Martelli et al. 1999). This section describes the techniques 
available for investigating DNA damage (as caused by ionising radiation) focusing on 
molecular markers and how they can infer genetic fitness. 
Ionising radiation causes DNA damage by producing free radicals that can break 
nucleotide-nucleotide bonds in DNA (Fridovich 1978). Types of DNA damage include 
mutations, ploidy differences, chromosome aberrations (Maznik 1998), double stranded 
DNA breaks (Ahnstrom and Erixon 1973; Roots et al. 1985) and single stranded DNA 
breaks (Roots et al. 1985). 
There are many methods currently used to detect DNA damage. The micronucleus assay 
identifies chromosomal damage by detecting loss of genetic material from the nucleus of 
the cell (creating micronuclei) and has been used in many radiation studies (Almassy et al. 
1987). Belarusian children who developed thyroid cancer following the Chernobyl 
accident had higher levels of cells containing micronuclei than healthy children (Zotti- 
Martelli et al. 1999). 
Another method, the alkaline unwinding technique, detects breaks in DNA strands (Rao et 
al. 1996). A study using a combination of the alkaline unwinding technique and 
micronucleus assay found that channel catfish from the CNPP cooling pond had greater 
DNA damage than fish from a control site, and the damage levels were related to the 
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concentration of radiocaesium in fish muscle tissue (Sugg et al. 1996). A similar study 
found that increased DNA damage in largemouth bass was related to higher radiocaesium 
and mercury contamination levels of the lakes from which the fish were sampled (Sugg et 
al. 1995). 
Flow cytometry, another method used to investigate DNA damage, provides a measure of 
the DNA content of individual cells and thereby can detect the increased variation of DNA 
content between cells that may occur following chromosome aberrations and subsequent 
mitosis (cell division). This method was used to investigate DNA damage in fish from the 
Chernobyl region revealing that catfish and crucian carp from radioactively contaminated 
lakes possessed higher numbers of cells with abnormal DNA distributions than those from 
control lakes, whilst carp and tench showed no difference between groups (Dallas et al. 
1998). Lingenfelser et al. (1997) also used flow cytometry to investigate DNA damage in 
crucian carp blood cells from contaminated ponds near Chernobyl. Out of 416 fish 
examined, 64 were found to be triploid but the distribution of triploid fish did not 
correspond with radiocaesium contamination levels in fish tissues or lake sediments 
(Lingenfelser et al. 1997). 
The comet assay is used to detect DNA damage by identifying broken fragments of DNA 
within the nucleus (McKelvey-Martin et al. 1993; Fairbairn et al. 1995; Cotelle and Ferard 
1999). This technique was used in an investigation into DNA damage of children who had 
internal 137CS contamination caused by food consumption following the Chernobyl 
accident (Garcia and Mandina 2005). No difference was found between exposed children 
and control groups (Garcia and Mandina 2005). 
DNA damage can also be investigated at the molecular level by use of molecular markers. 
Molecular markers are polymorphic proteins or DNA sequences that give indications of 
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genetic variation. Molecular markers can, for example, identify population bottlenecks, 
elevated mutation rates, identify single DNA base changes and give measures of 
heterozygosity (Ellegren et al. 1997; Coulson et al. 1998; Johnson et al. 1999; Kovalchuk 
et al. 2000; Garza and Williamson 2001). Molecular markers can detect changes in DNA 
at the nucleotide level and also provide information on population structure. 
In summary, there are many methods available to detect DNA damage. In order to 
investigate any DNA damage that is caused by the chronic low levels of ionising radiation 
that biota experience in the Chernobyl area, highly sensitive techniques may be required. 
The whole cell approaches (alkaline unwinding, micronucleus assay, flow cytometry and 
comet assay) are less sensitive than molecular approaches, which can detect changes at the 
DNA sequence level. The whole cell methods are also expensive and time consuming in 
comparison to use of molecular markers. Therefore, molecular markers have been selected 
as the tool of choice for detection of DNA damage in this study. There are many types of 
molecular markers currently used in molecular ecology studies and they are briefly 
described in the following sections 1.5.1-1.5.4. 
1.5.1 Allozyme markers 
Allozyme techniques involve separating protein variants (differing in charge, mass or 
structure) that are encoded by a single locus, using gel electrophoresis. This technique has 
been widely used in plant systematics (Van der Bank et al. 2001) and has been used in 
studies undertaken at Chernobyl. DNA damage in Scots pine, Pinus sylvestris Linnaeus 
1753 from the Chernobyl region was investigated using 20 allozyme loci and it was found 
that mutagenesis was increased in trees exposed to high levels of radiation (Kalchenko et 
al. 1993). Whilst allozyme studies reveal considerable variation between species, they 
often do not reveal enough intraspecific variation to allow individuals to be distinguished. 
Also study organisms must often be killed (in order to obtain enough tissue) and frozen 
prior to analysis. Genetic variation such as silent mutations (mutations that do not cause an 
amino acid change) are not detected by allozyme methods and even if an amino acid 
change does occur, allozyme electrophoresis will not detect this unless the resulting protein 
is different in terms of charge, mass or structure. 
1.5.2 Restriction Fragment Length Polymorphism (RFLP) markers 
RFLP methods involve cutting the DNA with one or more restriction endonuclease 
enzymes that cut DNA only at the sites of specific DNA sequences (restriction sites). A 
restriction digest results in a number of DNA fragments which can then be separated using 
gel electrophoresis. Mutations can either eliminate restriction sites or generate new ones, 
creating differences in the sizes of DNA fragments produced, and therefore, variation 
between individuals. This method is usually used with mitochondrial DNA (mtDNA), as 
nuclear DNA can be too complex and generate too many DNA fragments. RFLP analysis 
only detects variation in DNA at the appropriate restriction sites and therefore misses any 
variation between these sites. 
1.5.3 DNA fingerprinting 
DNA fingerprinting is an extension of the RFLP method in which a minisatellite probe is 
used to select DNA fragments containing a particular minisatellite sequence, and these 
fragments are then separated to produce an array of bands known as a DNA fingerprint. 
Minisatellites are regions of DNA that contain tandemly arranged repeats with a 10-15 
base pair (bp) core sequence (Jeffreys et al. 1985). The number of repeat units varies 
between individuals enabling unique DNA fingerprints to be generated for different 
individuals. DNA fingerprinting is a process routinely used in parentage studies and 
forensic science to identify individuals using their DNA. 
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A study investigating the mutation rates of minisatellites in Chernobyl clean-up workers 
and their offspring revealed that children born to workers exposed to very high doses of 
radiation had elevated minisatellite mutation rates (Kiuru et al. 2003). Other studies have 
also found increased minisatellite mutation rates in families affected by the Chernobyl 
accident (Dubrova et al. 1996; Dubrova et al. 2002). Families inhabiting the contaminated 
area of Mogilev were found to have a germline minisatellite mutation rate which was twice 
as high as control families for two out of the four minisatellite systems studied (Dubrova el 
al. 1996). Further studies of offspring of exposed fathers resident in the contaminated rural 
areas of Kiev and Zhitomir have revealed a 1.6-fold increase in the minisatellite mutation 
rate in the germline (Dubrova et al. 2002). One study on a group of Chernobyl clean-up 
workers and their children did, however, fail to detect any increase in minisatellite 
mutation rate in the children (Livshits et al. 2001). 
1.5.4 Polymerase chain reaction (PCR)-based methods 
PCR is a sensitive method for creating many copies of a particular DNA sequence from a 
very small amount of DNA template (Saiki et al. 1988). There are a number of molecular 
markers which utilise this fast, cheap and easy method. 
(a) Random amplified polymorphic DNA (RAPD) 
Random amplified polymorphic DNA is a PCR-based method in which short random- 
sequence oligonucleotide primers are used to generate many PCR products which are then 
separated by gel electrophoresis (Welsh and McClelland 1990; Williams et al. 1990). 
Each primer amplifies DNA from across the genome and many bands are scored for each 
primer and sample, allowing wide scope for variation between individuals. A distinct 
advantage is that no previous DNA sequence knowledge is required of the study species. 
There have, however, been queries raised over the reproducibility of this technique, for 
example non-reproducible bands being amplified during the PCR (Rabouam et al. 1999). 
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RAPD markers are also dominant markers meaning that homozygote and heterozygote 
bands cannot be distinguished. This is a disadvantage as heterozygosity can be used as an 
indicator of genetic fitness (Coltman et al. 1998). 
(b) Inter Simple Sequence Repeats (ISSR) 
The ISSR technique utilises similar methods to RAPD studies, but the primer used in the 
PCR has a specific repetitive sequence so that the PCR will only amplify between 
repetitive regions of DNA. A combination of RAPD and ISSR markers was used to 
investigate DNA damage in Chernobyl clean-up personnel and their children. New bands 
(bands not present in the parents) were revealed only in children born after the accident. 
No new bands were found in children of the same family who were born before the 
accident, or in control families who were not exposed to radiation (Weinburg et al. 1997). 
ISSR markers are reproducible and do not require any previous knowledge of the DNA 
sequence (Bonnet and Branchard 2001). They reveal differences between individuals and 
are a quick, cheap method to use. They are, however, dominant markers, not enabling 
homozygote and heterozygote bands to be distinguished. 
(c) Amplified Fragment Length Polymorphism (AFLP) 
The AFLP technique involves the DNA undergoing a restriction digest and linkers being 
ligated to the fragments prior to the PCR. The PCR primers are complimentary to the 
linkers except for a random 1-3 nucleotide DNA section added to the 3' end of the primer 
which means that only a specific subset of the fragments will be amplified (Vos et al. 
1995). This technique generates reproducible data whilst not requiring any sequence 
information of the species in question (Mueller and Wolfenbarger 1999). 
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(d) Major Histocompatibility Complex (MHC) 
MHC molecules bind and present antigenic peptides on the surfaces of antigen presenting 
cells for recognition and binding by T-cell receptors. Each MHC molecule can present a 
different foreign antigen to T-cells receptors. Therefore the more variable the MHC alleles 
are, the more likely the foreign antigen is to be presented to T-cells and destroyed, making 
the immune system more efficient and the individual fitter. The diversity of MHC alleles 
has previously been used to investigate population fitness (Seddon and Baverstock 1999; 
Hedrick et al. 2001) and common ancestry (Hedrick et al. 2002). Immunity in insects and 
other invertebrates is however very different from immunity in mammals. Insects do have 
a form of cellular immunity but do not produce lymphocytes, T-cells, or T-helper cells 
(Stanley and Bedick 1997). This means that E. najas does not posses MHC encoding 
genes, making it impossible to use this molecular marker in this study. 
(e) Microsatellites 
Microsatellites consist of short stretches of a tandemly repeated DNA motif, the motif 
being usually two, three or four nucleotides long (Jayne and Lagoda 1996). Microsatellites 
are predominantly found in non-coding regions of DNA so there is little pressure for 
conservation, allowing high mutation rates at many loci creating varying numbers of repeat 
units (Ciofi et al. 1998). Microsatellites have been used for mapping programmes, kinship 
investigations, studies of population genetic structure (Jayne and Lagoda 1996) and to look 
at recent evolutionary events such as bottlenecks (Garza and Williamson 2001). 
Microsatellite data can be used to detect evidence of a previous population bottleneck by 
plotting the total number of alleles at a locus (k) against the total distance (in base pairs) 
between the smallest and largest allele (r) (Garza and Williamson 2001). When alleles are 
lost due to genetic drift in a small population the total number of alleles will reduce, but at 
a slower rate than the distance between the largest and smallest allele. Therefore the ratio 
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of k/r will be smaller for a population that has recently reduced in size, compared with a 
population that is in equilibrium (Garza and Williamson 2001). 
The level of heterozygosity of individuals within a population indicates the extent of 
inbreeding and therefore has been used as a measure of genetic fitness (Coltman et al. 
1998). Microsatellite markers are codominant (meaning that homozygotes and 
heterozygotes can be distinguished) and therefore can be used to measure heterozygosity. 
Microsatellite diversity was used to investigate the relationship between fitness-related 
traits (birth weight and neonatal survival) and genetic diversity in harbour seals (Coltman 
et al. 1998). Fitness of the pups was positively correlated with microsatellite diversity. 
This study used the squared difference in number of repeat units between two 
microsatellite alleles at a locus within an individual, (d) and d2 averaged over many loci 
(mean d2). If d2 = 0, then the individual is homozygous for that allele. Therefore if mean 
d2 is low, the individual possesses many homozygous loci and if mean d2 is high, the 
individual possesses many heterozygous loci. High mean d2 values will result from 
matings with individuals with a very different genotype which could include recent 
immigrants, whilst low mean d2 values will result from matings between closely related 
individuals. Individual heterozygosity measures the proportion of loci which are 
heterozygous versus homozygous and is inversely correlated with inbreeding. Mean a'2 is a 
quantitative measure of heterozygosity giving a measure of how heterozygous individuals 
are at the loci in question. 
Microsatellites were used in a similar way for a study in which individual heterozygosity 
and mean d2 were studied in relation to birth weight and neonatal survival of red deer. 
Low mean cl was associated with low birth weight (Coulson et al. 1998). Together, 
individual heterozygosity and mean c2, measured using microsatellites are useful tools for 
exploring inbreeding and outbreeding in natural populations (Coulson et al. 1998). 
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Microsatellite mutation rates can also be estimated and used as an indicator of DNA 
damage. Microsatellite mutation rates were calculated in a study investigating the 
increased frequency of partial albinism of barn swallows breeding within the Chernobyl 
zone. The mutations causing the albinism were at least partially germline mutations and 
exposed birds had a 2-10 fold higher mutation rate at two microsatellite loci than the 
control group (Ellegren et al. 1997). 
Microsatellite mutation rates were also investigated in wheat grown in contaminated soil 
near Chernobyl and at a control site. The offspring were examined and it was found that 
the spontaneous mutation rate in the control group was 1.03 x 10-3 per locus, while for the 
contaminated group it was significantly higher at 6.63 x 10-3 per locus (Kovalchuk et al. 
2000). 
(9 DNA sequencing 
Sequence data analyses the actual sequence of nucleotides in a stretch of DNA. Genes 
with important basic functions are highly conserved and evolve slowly (e. g. structural 
regions of 18s ribosomal DNA (rDNA)). These sequences can be used to examine ancient 
diversity, speciation and relationships between taxa. Less critical sequences evolve more 
quickly and because they are under less selection pressure, they can be used to examine 
more recent divergence. When choosing a sequence to use, it is important that the 
sequence evolution rate suits the age of the divergence being investigated. Sequencing of 
the cytochrome oxidase I (COI) mtDNA region has previously been used in insects to 
study colonisation of islands (Juan et al. 1995; Juan et al. 1996a; Juan et al. 1996b). 
Sequencing also allows DNA mutations between generations to be detected, another 
indicator of DNA damage. Sequencing of a 433 bp section of the cytochrome b mtDNA 
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region was used to investigate mutation rates in wood ducks from the Savannah River site 
in the USA, a site which is contaminated with radionuclides. No between-generation 
spontaneous mutations were detected and the authors suggest that mtDNA may not be as 
sensitive an indicator as anticipated (Johnson et al. 1999). 
1.5.5 Which molecular markers are most suitable for use in this study? 
As discussed previously there are a wide range of molecular markers available to 
investigate DNA damage, many of which have previously been used in studies at 
Chernobyl. The markers available for use vary from allozyme electrophoresis techniques 
from which individuals can not often be separated, to microsatellite and sequencing 
methods from which the most detailed information can be obtained. This study is an 
intraspecific investigation and therefore requires markers with the highest levels of 
variation. 
RAPD markers are highly variable and are likely to show differences at the individual 
level. ISSR markers amplify repetitive regions of the genome enhancing the chances of 
variability. RAPD and ISSR markers are, however, dominant and cannot be used to 
estimate heterozygosity. 
Microsatellites are highly polymorphic and are likely to vary between individuals of the 
same species. Screening can occur at any developmental stage of an organism and uses a 
convenient PCR-based method. Microsatellite data can be used to demonstrate a recent 
population bottleneck (Garza and Williamson 2001) and are codominant markers, allowing 
measures of heterozygosity to be obtained (Coltman et al. 1998; Coulson et al. 1998). 
There are, however, no microsatellite primers published for E. na as and microsatellite 
isolation is costly and time consuming. 
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Sequencing is the technique with which detailed mutations can be demonstrated such as 
single base pair additions, deletions and substitutions. Sequence data can also be used to 
assess the extent of gene flow between populations, for example in tick populations 
(Teglas et al. 2005) or in turtles (Spinks and Shaffer 2005). However, some coding 
sequences are highly conserved meaning that differences between individuals of the same 
species may not be evident. Also sequencing is expensive in terms of time and effort. 
In order to assess the genotypic effects of ionising radiation on E. najas larvae from the 
Chernobyl region, microsatellite markers will be used in conjunction with ISSR and 
sequence data. Microsatellite data will show if there has been any recent bottleneck in the 
populations of E. najas in the Chernobyl region, and will also give a measure of 
heterozygosity. ISSR markers will also be used as this method screens many regions of the 
genome simultaneously and yields high levels of variation between individuals of the same 
species. With both microsatellite (once isolated) and ISSR markers it is cheap, quick and 
easy to screen large numbers of individuals. 
Although there are no microsatellite primers published for E. najas, there are primers 
published for other Odonata species. Two microsatellite loci were cloned and sequenced in 
an investigation to determine the paternity of I elegans (Cooper et al. 1996) and a panel of 
19 loci has been isolated in C. mercuriale (Watts et al. 2004a; Watts et al. 2004b). Four 
microsatellite loci were also characterised in the damselfly Megaloprepus coerulatus 
(Drury 1782) and used to discover the paternity and maternity of offspring, in order to 
study offspring survivorship (Fincke and Hadrys 2001). Cross-species amplification has 
been demonstrated in a variety of animals including bats (Ortega et al. 2002), seals (Davis 
ei al. 2002), gulls and shorebirds (Given et al. 2002), turtles (FitzSimmons et al. 1995), 
bees (Estoup et al. 1993) and ants (Dalecky et al. 2002). Primer pairs from dog, cat and 
grey seal even amplified polymorphic microsatellites in meerkats (Griffin et al. 2001). 
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Therefore, it is possible that the microsatellites characterised already for other species of 
Odonata will also work in E. najas. These published microsatellite primers will be tested 
first and additional microsatellites will also be isolated. In contrast ISSR markers do not 
require species specific primers and previously published primers will be used in the study. 
After the microsatellite and ISSR data is collected, a randomly selected subset of 
individuals will then be screened at the sequence level. Sequencing yields very detailed 
information but is expensive and therefore not suitable for use with large numbers of 
specimens. Stretches of 18s and 28s rDNA have been sequenced previously for E. najas 
(GenBank accession numbers AF461238 and AF461209). However, 18s and 28s rDNA 
are highly conserved stretches of DNA and evolve slowly, so it is unlikely that mutations 
would be observed in these regions. A sequence may need to be found which is less highly 
conserved. Many insects produce antibacterial peptides which have been sequenced in 
Drosophila melanogaster Meigen 1830. These genes were found to exhibit high levels of 
mutations which changed the nucleotide sequence but not the resulting amino acid 
sequence (Lazzaro and Clark 2001). If present in E. najas, the gene for these peptides may 
be a good candidate for sequencing. MtDNA, having higher mutation rates than nuclear 
DNA (Richter et al. 1988), may also be suitable for sequencing in this study. 
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1.6 Project objectives 
Previous studies of non-human biota from the Chernobyl region have been wide ranging 
with respect to the species studied and methods used, but have often been limited in the 
number of sample sites studied. Also no known studies have linked a phenotypic indicator 
of fitness to genetic data, with the exception of a study on albinism and microsatellite 
mutation rates in barn swallows (Ellegren et al. 1997). There is also a lack of studies on 
the effects of radioactive contamination on aquatic invertebrates. This information is 
essential to ensure all ecosystems are adequately protected from ionising radiation. 
This study investigates the effects of Chernobyl-derived radionuclide contamination on the 
freshwater invertebrate E. najas. Specimens will be collected from eight lakes in Belarus 
and Ukraine which vary in levels of ' 37Cs contamination. FA will be used as an indicator 
of phenotypic fitness. Genotypic fitness will be investigated using microsatellite, ISSR 
and sequence data. The following questions will be addressed: 
" Question 1: Is FA of E. najas populations related to 1 37Cs contamination levels 
or internal dose rates of ionising radiation? 
9 Question 2: Is there gene flow between E. najas lake populations? 
" Question 3: Does the genetic data indicate that there has been a bottleneck in 
the E. najas populations from the Chernobyl region? 
Question 4: Is heterozygosity of E. najas populations related to 
"-Cs 
contamination levels or internal dose rates of ionising radiation? 
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9 Question 5: Is genetic distance between lakes related to 137Cs contamination 
levels or internal dose rates of ionising radiation? 
" Question 6: Are mutation rates elevated in contaminated lakes? 
This unique study brings together phenotypic and genetic indicators of fitness for the same 
E. najas populations. Any relationships between fitness and ' 37Cs contamination levels or 
internal dose rates of ionising radiation will be examined. The results will contribute to the 
growing field of knowledge about the effects of environmental radiation on non-human 
biota. 
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Chapter 2 
Fluctuating asymmetry of E. najas populations from the 
Chernobyl region 
2.1 Introduction 
The 1986 Chernobyl accident contaminated large areas of Ukraine and Belarus with 
radionuclides. ' 37Cs and, to a lesser extent, 90Sr, are the two radionuclides that currently 
form the major part of the dose received by biota inhabiting the contaminated region. 
Research into how non-human biota cope with such contamination is continuing and is 
essential to ensure that the environment is adequately protected from ionising radiation. 
Despite the Chernobyl area being scattered with lakes, known studies that investigate the 
effects of radioactive contamination on aquatic systems are limited, particularly those 
focusing on aquatic invertebrates. The aim of this chapter's work is to investigate the 
effects of radioactive contamination on the fitness of the aquatic invertebrate E. najas (red- 
eyed damselfly) from lakes in the Chernobyl region, using fluctuating asymmetry (FA) 
methods. 
FA has been related to both environmental stress and fitness (see Chapter 1 sections 1.4.2 
and 1.4.3). Previous investigations at Chernobyl and Totsk have demonstrated a positive 
relationship between FA and radioactive contamination in a variety of ecosystems and 
involving a wide range of study species (Moller 1993b: Moller 1998; Gileva and Nokhrin 
2001; Moller 200? ). Areas of Ukraine and Belarus surrounding the CNPP contain many 
lakes and investigations into the effects of radioactive contamination on invertebrates 
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inhabiting these lakes is lacking. There are no known published studies reporting on FA of 
aquatic invertebrates from the Chernobyl region. Most of the previous studies of FA at 
Chernobyl have used a low number of sample sites, usually only one or two contaminated 
sites and one control site (Moller 1993b; Gileva and Nokhrin 2001; Moller 2002) with the 
exception of a study on yellow-necked mice from the region in which ten sample sites 
were used (Oleksyk et al. 2004). 
2.1.1 Bilateral asymmetry 
There are 3 types of bilateral asymmetry: directional asymmetry, antisymmetry and FA. 
Directional asymmetry occurs when the larger version of a bilateral pair of appendages or 
organs is always on the same side and the mean difference between right and left measures 
of each feature is significantly different from zero (Fig. 2.1 a) (Palmer and Strobeck 1986). 
The human heart exhibits directional asymmetry with the left side always being larger than 
the right side. Antisymmetry occurs when the larger member of a bilateral pair occurs on 
either the left or right side at random and shows a bimodal distribution either side of a 
mean of zero (Fig. 2.1 b) (Palmer and Strobeck 1986). The male fiddler crab exhibits 
antisymmetry by possessing one large front claw and one small front claw, some 
individuals having a larger left claw and some having a larger right claw. Directional 
asymmetry and antisymmetry cannot be used as indicators of environmental stress because 
they are presumed to have a heritable component (Lens et al. 2002) and therefore do not 
result solely from developmental processes. FA is a pattern of bilateral variation where 
variation in the difference between left and right sides is both random and independent and 
shows a normal distribution with a mean of zero (Fig. 2.1 c) (Palmer and Strobeck 1986). 
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Fig. 2.1 Distributions of the difference between the right and left 
sides (right-left) for three types of bilateral asymmetry, (a) 
directional asymmetry, (b) antisymmetry and (c) fluctuating 
asymmetry. Perfect bilateral symmetry is indicated by the red bars. 
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2.1.2 Developmental instability and fluctuating asymmetry 
Each individual possesses a target phenotype based on genetic information. In the absence 
of noise, this target phenotype may be achievable and the left and right sides of bilaterally 
symmetrical traits would be exactly the same in terms of size and shape for a given 
genotype. However, in reality, the observed phenotypes are variable and the target 
phenotype is not achieved (Nijhout and Davidowitz 2003). Random processes during 
development cause disruption of precise development resulting in developmental 
instability (developmental noise) (Palmer 1994). Mechanisms that buffer development 
from this random disruption result in developmental stability (Palmer 1994). The balance 
between developmental instability and developmental stability affects how the actual 
phenotype varies from the target phenotype. The more developmental instability there is in 
a system, the higher the extent of FA. 
There are three possible causes of developmental instability. The first is that the estimated 
target phenotype is inaccurate and assumptions that an organism should be bilaterally 
symmetrical are invalid (Nijhout and Davidowitz 2003). This potential cause of 
developmental instability has no effect on FA. 
The second cause of developmental instability is variation in the microenvironment that an 
organism develops in. It is generally assumed that there is no variation in environmental 
conditions between the left and right sides of an organism. However, this may not be true 
for sessile organisms or organisms that have immobile developmental stages in their life 
cycle (Nijhout and Davidowitz 2003). For example, one side of a sessile organism may get 
heated more by the sun that the other side, leading to differences between the left and right 
sides. 
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The third cause of developmental instability is developmental stochasticity and this is the 
only real cause of FA in the majority of organisms (Nijhout and Davidowitz 2003). 
Cellular processes on the left and right sides of an organism may act independently 
allowing small random perturbations to accumulate on each side separately. The causes of 
developmental stochasticity are unclear. One cause could be the problems encountered by 
cells present in a shallow morphogenetic gradient. If the gradient of a morphogen is 
shallow, then cells in the area where the threshold concentration level of the morphogen is 
just reached may make the `wrong' choice of developmental pathway. This could, in turn, 
result in random variations in the size or shape of otherwise bilaterally symmetrical traits 
(Nijhout and Davidowitz 2003). Another way in which developmental instability could be 
caused is by small variations in the concentration of transcription factors that regulate gene 
expression. Transcription factors are responsible for `switching' genes on and off during 
development. They are present at very low concentrations and any small variation in 
concentration could cause genes to be switched on or off at the `wrong' time or place 
creating variation between the left and right sides (Nijhout and Davidowitz 2003). 
2.1.3 Fluctuating asymmetry in relation to environmental radiation 
As discussed in Chapter 1 (sections 1.4.2 and 1.4.3), previous studies have demonstrated a 
relationship between FA and a range of different types of environmental stressors (Midgley 
et al. 1998; Savage and Hogarth 1999; Berzholtz 2000; Adamski and Witkowski 2002; 
Bonada and Williams 2002; Bonada et al. 2005) and fitness (Carchini et al. 2000). As 
environmental stress increased, FA increased, and fitness decreased, with some exceptions 
(Floate and Fox 2000; Carchini et al. 2001; Hogg et al. 2001; Alibert et al. 2002; 
Blanckenhorn et al. 2003). The obvious environmental stressor in contaminated areas of 
the Chernobyl region is the high levels of radionuclide contamination released by the 
Chernobyl accident, mainly in the form of 137Cs, which emits gamma (y) and beta (ß) 
radiation as it decays. The effects of ionising radiation on FA levels has previously been 
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investigated in plants, birds, mammals and insects inhabiting both the Chernobyl region 
and other contaminated sites (Moller 1993b; Moller 1998; Moller 2002; Oleksyk et al. 
2004). 
A large-scale study investigated FA of skulls from yellow-necked mice, Apodemus 
flavicollis (Melchior 1834), at four Chernobyl exclusion zone sites and six control sites 
(Oleksyk et al. 2004). The two most contaminated sites studied were Glubokoye Lake and 
Emerald Camp at which the dose rates were 4.15 µGyhr-1 and 0.30 µGyhr' respectively. 
The two less contaminated sites from within the exclusion zone had dose rates ranging 
from 0.13 to 0.11 tGyhr-1. FA of A. flavicollis skull size and shape was on average higher 
in mice obtained from the two most contaminated sites in comparison to those from the 
control sites. There was no significant difference in FA of skull shape in mice obtained 
from the two less contaminated sites from within the exclusion zone and control sites. 
Essentially, only specimens from the two most highly contaminated sites exhibited a 
significant increase in skull shape FA, which, the authors suggest, may indicate a threshold 
level of contamination that must be reached before FA becomes evident (Oleksyk et al. 
2004). FA of skull shape in mice from the two most contaminated sites, Glubokoye Lake 
and Emerald Camp, did not differ significantly from each other (Oleksyk et al. 2004). 
FA was used as an indicator of developmental instability in camomile M perforata (Moller 
1998). The plants were located along a transect outside the exclusion zone which had a 
maximum radioactive contamination level of 4.66 Cikm-2 (which converts to 172 kBqm-2 
or 0.165 µGyhr-' (Timms et at. 2004)). It was found that FA of camomile flower petals 
was positively correlated both with the levels of 137Cs along the transect, and with distance 
from Chernobyl. Plants close to the exclusion zone had three to four times higher levels of 
developmental instability than plants in uncontaminated areas further along the transect 
(Moller 1998). 
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FA has also been investigated in stag beetles, L. cervus, in the Chernobyl area and a 
control area at Kanev in Ukraine (Moller 2002). 1 37Cs levels in the soil along the transects 
ranged from 4.66 Cikm 2 (which converts to 172 kBqm-2 or 0.165 µGyhr-' (Timms et al. 
2004)) to close to detection limits at Kanev. The study found that the asymmetry of beetles 
from the Chernobyl site was significantly greater than asymmetry of beetles from Kanev 
and museum specimens (collected prior to 1986 in Ukraine) and the author suggests that 
the observed increase in FA is due to exposure to radioactivity at the Chernobyl site 
(Moller 2002). The results also show that at both sites, asymmetry of unmated males was 
higher than that of males with mates. This suggests that symmetrical males have an 
advantage over asymmetrical males with regards access to females and therefore 
reproductive success (Moller 2002). 
Moller also studied Barn swallows, H. rustica, in contaminated areas around Chernobyl 
and a control area at Kanev (Moller 1993b). Museum specimens collected from both sites 
prior to 1986 were also studied. Although FA was analysed in four features, (wings, inner 
and outer tail feathers and tarsi), just one trait (the outer tail length) showed an increase in 
FA in the male Chernobyl specimens. It was also found that FA of male tail length was 
negatively related to tail length in all four groups but only significantly so in the post- 
Chernobyl groups. Breeding date was also estimated and it was found that male barn 
swallows with longer tails bred earlier than those with short tails. Also, males with 
asymmetric tails bred later than those with symmetrical tails (Moller 1993b). The author 
suggests that the increase in tail length FA in males from the Chernobyl region is caused 
by increased environmental or genetic stress for these birds in comparison to females, or 
birds of either sex inhabiting control regions (Moller 1993b). 
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FA of East European voles, M. rossiaemeridionalis, was investigated at a former USSR 
nuclear test site contaminated with radionuclides by the Totsk Radioactive Trace (TRT) 
(Gileva and Nokhrin 2001). Voles were caught in two contaminated areas, Kristalka and 
Starobogdanovka, and one control area, the Botanical Garden of the Ural Division of the 
Russian Academy of Sciences near Yekaterinburg. Eight bilateral cranial features were 
measured and FA was found to be significantly higher in the voles from the contaminated 
site of Kristalka than voles obtained from either of the other sites (Gileva and Nokhrin 
2001). The authors suggest that this increased FA could be due to the plutonium content of 
the upper soil at the site which reached levels of 2.34 kBqm-2 compared to a mean global 
level of 0.044 kBqm-2. The site is also contaminated with low levels of 90Sr and 137CS. 
The authors also note that although a high proportion of older voles were collected from 
Kristalka in comparison to the other sites, this could not totally explain the elevated FA 
levels (Gileva and Nokhrin 2001). 
2.1.4 Good practice for any FA study (Palmer 1994; Palmer and Strobeck 2003). 
Any study investigating FA in relation to an environmental stressor should include: 
9 Large sample sizes. 
"A large number of sample sites including an appropriate number of control sites in 
order to gain a reliable estimate of background FA levels. 
" Data collected by just one individual. 
" Unbiased measurements (i. e. the samples should be coded by an outsider). 
"A robust unbiased estimate of measurement error. 
"A measure of the level of environmental stress that the individuals are exposed to. 
Thorough data analysis which takes into account measurement error, directional 
asymmetry, antisymmetry and size dependence. 
"A demonstration of a causal link between the environmental stressor and FA (only 
in the event of a relationship between the two being found). 
41 
The present study will aim to address all of these potential limitations. 
2.1.5 Aims and objectives 
The present large scale study aims to investigate FA of the aquatic invertebrate E. najas 
obtained from eight lakes which form a' 37Cs gradient in the Chernobyl region. Any 
relationship between FA and dose rates of ionising radiation will be investigated and the 
following question will be answered: 
Is there any relationship between FA of E. najas populations and dose rates of ionising 
radiation? 
2.1.6 Hypothesis 
Based on the findings of previous studies, the following hypothesis is suggested: 
FA will be increased in E. najas populations exposed to higher dose rates of ionising 
radiation when compared with populations exposed to lower dose rates. 
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2.2 Materials and Methods 
2.2.1 Lakes sampled 
Eight lakes were selected to cover the full range of 137Cs contamination levels in the 
region. The lakes are between 10 and 225 km from the CNPP and are located in two 
distinct geographical areas, four lakes relatively close to the CNPP and four lakes further 
north east, close to the Belarusian/Russian border (Fig. 2.2). The lakes range in radioactive 
contamination from the highly contaminated Glubokoye Lake (37000 kBqm-2) to the 
relatively unaffected Dvorische Lake (100 kBqm-2) (Table 2.1). Lakes with existing 
environmental data were selected where possible. 
There is a notable difference in lake size, the largest lake, Stoyecheye #8 being over 180 
times larger in terms of water volume than the smallest lake, Oranoe, (Table 2.2). 
Stoyecheye #8 was the deepest of the eight lakes being 17 m at its deepest point, whilst 
Perstok had a maximum depth of just 2 m, (Table 2.2). Lake temperatures vary according 
to the time of year, with average temperatures ranging from 19.1 °C in Oranoe Lake to 
22.35°C in Dvorische Lake (Table 2.2). 
Tables 2.3 (a), (b) and (c) present water chemistry data, obtained from various sources, for 
the lakes sampled. The concentration of potassium ions in Svyatoye #7 was at least twice 
that of any of the other lakes. In 1998,15 tons of potassium chloride were added to 
Svyatoye #3 in an attempt to reduce 137Cs uptake into fish (Smith et al. 2003) although the 
present potassium concentration is not different to that of the other lakes. The 
concentration of calcium ions ranged from 4.2 mg/1 in Svyatskoye #5 to 31.5 mg/l in 
Oranoe Lake. The concentration of sulphate ions ranged between 21.1 mg/l in Perstok 
Lake to 1.4 mg/l in Dvorische. The highest concentration of bicarbonate, 109.5 mg/1, was 
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detected in Stoyecheye # 8, this value being over six times higher than for the lowest 
detected level in Svyatskoye # 5. Levels of organic carbon were over twice that in Perstok 
(11.2 mg/1) than for Svyatoye #3 (4.2 mg/1). pH varied according to the time of year and 
ranged between 6.3 in Svyatskoye #5 and 8.3 in Svyatoye # 3. Conductivity was notably 
lower for Svyatskoye # 5, than for the other lakes. Phosphate was below detection levels 
in some lakes, and in the lakes for which phosphate could be detected, the levels were very 
low. Both total and dissolved phosphorus was lower in Svyatskoye #5 than for the other 
lakes for which data could be obtained. There was no notable difference in concentrations 
of ammonium or nitrate for the lakes. Overall, no one lake stands out as being markedly 
different from the others in terms of water chemistry. 
Table 2.4 describes additional information on the type, trophic status, hydrology and land 
use of each of the lakes sampled. The lakes consist of an equal number of oxbow and 
spring fed lakes, and it is worth noting that two lakes, Svyatoye #7 and Stoyecheye #8 are 
in agricultural areas that have been fertilised with potassium based fertilizer. This may 
account for the relatively elevated potassium levels detected in Svyatoye # 7. 
Photographs of each of the lakes are presented in Figs 2.3-2.10. The variation in lake 
vegetation and to a certain extent, surrounding land use can be seen. 
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Fig. 2.2 137Cs deposition following the 1986 Chernobyl accident and the 
relative location of the sampled lakes (shown in yellow). 
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Lake 137Cs deposition kBgm-' 
corrected to 06.05.86 
"'Cs in water 
(BqI-') 2003 
""Sr in water (BqI-'). 
Glubokoye 37000a 10.0 120 (2004) 
Perstok 3700 13.4d 22 (2002) 
Svyatoye #3 1748 10.3 d ND 
Svyatskoye #5 983 9.3 d ND 
Svyatoye #7 658 6.8 d ND 
Stoyecheye #8 288 5.6 d ND 
Oranoe 143` ND ND 
Dvorische 100' ND ND 
Table 2.1 137Cs and 90Sr contamination of the lakes sampled. 
(Data from Smith et al. (2005) unless otherwise stated. 'data from Sansone and Voitsekhovitch 
(1996), bdata from the Ukrainian Hydrometeorological Institute, Kiev, `data from De Cort et al. 
(1998), dAverage value from measurements at different depths, ND: not documented). 
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Fig. 2.3 Glubokoye 
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Fig. 2.4 Perstok 
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Fig. 2.5 Svyatoye #3 
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Fig. 2.6 Svyatskoye #5 
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Fig. 2.7 Svyatoye #7 
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Fig. 2.8 Stoyecheye #8 
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Fig. 2.9 Oranoe 
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2.2.2 Collection of specimens 
E. najas specimens were collected from each of the eight lakes. Kick samples were taken 
in the shallow littoral zone amongst submerged and emergent vegetation using a net with 1 
mm sized mesh. The material collected was sorted live on the lakeside (Fig. 2.11). E. 
najas larvae were separated from other invertebrates and immediately preserved in 96% 
ethanol in individual tubes arranged in a 96 welled box (1.2 ml collection tubules from 
Alpha Laboratories and Qiagen). Dust suits, and when required, dust masks were worn at 
the most contaminated sites in order to prevent contamination of clothes/hotel rooms etc. 
Specimens were collected in May and August 2003, and where possible, individuals were 
collected from two different regions of a lake in order to ensure a representative sample 
was obtained. In total over 100 specimens were collected from each lake except 
Svyatskoye #5 from which only 51 specimens could be obtained due to the apparent low 
population density in this lake. The preserved specimens were returned to the UK for 
analysis. 
58 
(a) 
( b) 
i 
.a :q 
S. ' 
i 
ý-ý 
,. -- 
4 *ý 
Fig. 2.11 Collection of specimens at Glubokoye Lake, June 2003. (a) 
obtaining a netted sample of invertebrates. (b) sorting the samples on the 
lakeside and selecting any E. najas larvae. 
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2.2.3 Collection of FA data 
Prior to sample processing the boxes containing the tubes of specimens were randomly 
coded by colleagues and these codes were not revealed to the author until the 
measurements were completed. The legs and mask were dissected from each individual 
and mounted on microscope slides under a coverslip. Digital photos were taken of the 
femur, tibia and mid tarsus, on the back and middle legs under magnification (x25 for the 
femur and tibia and x50 for the mid tarsus segment) using a Leica DC300 camera (Fig. 
2.12). The main body of the insect was then mounted in a Petri dish of ethanol under a 
microscope slide (to keep the specimen flat) and the stipes, (part of the mouth), were 
photographed at x50 magnification (Fig. 2.13 a). Measurements were taken from the 
digital images using image analysis software (Leica IM50, version 4, release 85). Spines 
on the left and right side of the mask were also counted, including any empty pits where it 
was evident that spines had become detached (Fig. 2.13 b). The head width was also 
measured at x25 magnification in order to provide an indication of the size of the specimen 
(Fig. 2.14). The left and right sides of the leg traits were photographed separately and 
therefore measured at different times. The left and right stipes were photographed in one 
frame and measured at the same time due to the practical difficulties of separating them on 
the specimen. 
Although three measurements were made on each of four legs, the measurements were 
independent as the start and end points of the measurements were not in the same place 
(i. e. the end of the femur was not the same point at which the tibia measurement started 
and so they were not directly dependent on each other). 
In order to estimate error associated with mounting and measuring, 10% of specimens were 
remounted, re-photographed and remeasured on subsequent days. Spines in the masks of 
10% of individuals were also re-counted. The individuals to be assessed for measurement 
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error from each box of specimens were selected at random, only after all of the individuals 
from that box had been measured once. 
All of the FA data was collected by the author to avoid any differences or bias associated 
with personal preferences. 
In total, 720 individuals from the eight sample sites were examined, 96 from each lake 
with the exception of Svyatskoye #5 from which 48 specimens were analysed. There are 
missing data for a minority of individuals due to physical damage such as missing legs. 
Some individuals were simply too small to obtain adequate photos of the features. FA is 
normally only about 1% of the trait size (Palmer and Strobeck 1986) and therefore not 
obviously apparent when examining an organism. Therefore, any individuals which 
appeared to be malformed in any way (i. e. differences between the left and right sides of 
the organism were clearly visible) were excluded and not measured. 
The raw data are presented in the Appendix. 
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Fig. 2.12 E. rajas features measured for FA data collection: (a) femur 
and tibia measurements at x25 magnification (right back leg). Note that 
the end of the femur measurement and the start of the tibia measurement 
are positioned separately on the leg and therefore are independent: (b) 
mid tarsus measurement at x50 magnification (left back leg). 
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Fig. 2.13 E. rajas mouthpart features analysed during FA data 
collection: (a) stipes measured at x50 magnification, both the right and 
left side are on the same photo, (b) spines counted on the inside of the 
mask, empty pits were clearly visible and counted as spines. 
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Fig. 2.14 Head width measurement at x25 magnification. The head 
width was measured as the distance between the two points on the head 
where the vein which crosses the head reaches the eye. The eyes were not 
included in the measure as the size of the eyes varies according to whether 
or not the individual is close to moulting. 
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2.2.4 Analysis of data prior to calculation of FA 
There are three possible sources of error which need to be considered prior to calculation 
of FA. The first potential problem is size dependence and where a positive relationship is 
revealed between trait size and FA, a size correction is required in the data analysis 
(Palmer and Strobeck 2003). In this study, the index used to calculate FA used logged 
values in order to overcome any problem of size dependence. 
Measurement error is also a potential problem and is perhaps the most important aspect of 
a FA study (Palmer 1994; Swaddle et al. 1994). Small deviations from symmetry due to 
measurement error are random, independent and normally distributed around a mean of 
zero (Palmer and Strobeck 2003) meaning that they are indistinguishable from deviations 
caused by real FA (Palmer and Strobeck 1986; Palmer 1994). In addition, deviations from 
symmetry due to FA are often so small that they are comparable in size to measurement 
error (Palmer and Strobeck 2003). In this study, the index used to calculate FA factored 
out measurement error. 
Lastly, the data needs to be tested for the presence of directional asymmetry and 
antisymmetry. In this study, the index used to calculate FA partitioned out any directional 
asymmetry, whilst kurtosis calculations were used to check for antisymmetry. 
Measurements of seven traits were made on E. najas larvae obtained from eight lakes, 
creating 56 lake/trait combinations. Kurtosis (k) was calculated for each of the 56 
lake/trait combinations using Equation 2.1: 
* k=[ý ; -x)4 (n SD 
4)] 
-3 (2.1) 
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where n= sample size, x= sample mean, x; = the value of x for an individual i, and SD is 
the standard deviation computed using n rather than n-1 (Palmer and Strobeck 2003). 
Frequency distribution plots were also inspected. 
2.2.5 Calculation of FA 
Index FAlOb (Palmer and Strobeck 2003) was used to calculate the FA of each of the 56 
lake/trait combinations. FA1Ob is calculated using mean squares (MS) values generated 
from a sides x individuals analysis of variance (ANOVA) performed on log transformed 
data (Equation 2.2): 
FA = 0.798\2o? where o; = (MSS -MS,,, )/M (2.2) 
where MSS = sides x individuals interaction MS from a sides x individuals ANOVA on log 
transformed raw data, MS,,, = error MS from a sides x individuals ANOVA on log 
transformed raw data and M= number of replicate measurements per side for an individual 
(Palmer and Strobeck 2003). 
Index FA I Ob calculates the level of total non-directional asymmetry as a proportion of the 
trait mean for a trait, after measurement error has been factored out (Palmer and Strobeck 
2003). M, the number of replicate measurements per side for an individual, was 
complicated by the fact that only a 10% subset of individuals were remeasured in order to 
estimate measurement error. Therefore M was calculated as the average number of 
measurements made per side on each individual for the different lake/trait combinations. 
In some cases, measurement error was so large in comparison to the non-directional 
asymmetry that the resulting value of FA 1 Ob was negative. In these cases, the levels of 
real FA were so low that they were undetectable given the level of measurement error in 
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the study. As negative fluctuating asymmetry values are, in reality, not possible, these 
negative values were changed to zero for the purposes of investigating any trends. Mean 
FA values for each lake were calculated by averaging the FA I Ob values of all traits. Any 
relationships between dose rates and FA were tested for by calculating Spearman rank 
correlation coefficients. Furthermore, a lake x trait two-way ANOVA was used to test 
whether or not FA differed across lakes and across traits. 
2.2.6 Measurement of "'Cs in E. najas specimens 
In order to calculate the internal dose rates of ionising radiation received by E. najas 
larvae, levels of 137Cs present in the body tissues of E. najas specimens were determined. 
Any specimens that were collected during fieldwork and were not needed for the FA study 
were analysed by Dr. D Timms at University of Portsmouth. The number of specimens 
and the total dry and fresh weight of the specimens from each sample site were recorded. 
The 137Cs content of the specimens was determined using a high-resolution, hyper-pure 
germanium, solid-state spectroscopy system (Timms et al. 2005). Levels of 90Sr in the 
specimens were below the limits of detection (less than 100 Bgkg ' fresh weight). 
2.2.7 Dose rate calculations 
External and internal doses of ionising radiation received by E. najas larvae were 
calculated for exposure to 1 37Cs, as this is the dominant radionuclide contributing to any 
dose received by biota in the Chernobyl region. Although 
90Sr is present in the two most 
contaminated lakes sampled, Glubokoye and Perstok, this is unlikely to be bio- 
accumulated by E. najas larvae as they possess no bony tissue or shell (i. e. the larvae 
contain no calcium (Ca) rich tissues and hence will have low uptake of 
90Sr, a Ca 
analogue). External exposure to 
90Sr is also likely to be minor in comparison to 1 31Cs 
because the lake water will provide significant shielding from ß-particles emitted by decay 
of 9OSr. 
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(a) Calculation of external dose rate 
The external dose rate received by the E. najas larvae depends on the amount of time that 
the organisms spend in different areas of the lake. This may vary seasonally and with 
different life stages of the animal. There is no published literature regarding the precise 
1 movements of E. najas larvae and it is not known how much time they spend on the 
sediment, swimming in the water column or resting on vegetation. The external dose 
conversion coefficient (DCC) for a generic insect larva living within an infinitely extended 
uniformly contaminated sediment is 3.8 x 10-4 pGyhr-1 per Bgkg-1 fresh weight (FASSET 
2003 a). An insect larva at the sediment surface receives half the dose than that received by 
a larva residing within the sediment. Therefore the DCC for an insect larva at the surface 
sediment is approximately 1.9 x 10-4 µGyhr-1 per Bgkg-1 fresh weight. 
The average activity concentration in the surface sediments of the lakes can be estimated 
from the level of 137Cs deposition to each of the lakes. The average fresh weight activity 
concentrations of sediments were calculated based on the assumptions that the majority of 
the 137Cs is within the top 15 cm of sediment (Smith et al. 2001) and that the sediment wet 
bulk density is approximately 1300 kgm-3 (Dr. J. Smith Centre for Ecology and Hydrology, 
Dorset, pers. comm. 2005). These values were used together with the DCC for an insect 
larva at the surface sediment, to calculate external dose rates at each lake. 
The calculation of external dose rates has high uncertainty, as it is not known what 
proportion of time the E. najas larvae spend on the sediment, on vegetation or in the water 
column, the dose rate varying for each scenario. It may also be incorrectly estimated if 
radionuclide contamination levels at the fringes of the lake are not accurately represented 
by the average sediment contamination value given for the entire lake. Given these 
inaccuracies, the calculations of external dose rate can only be used as a guide, although 
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the differences in external dose rates between lakes (which is directly proportional to the 
37Cs deposition) is likely to be relatively accurate. This being the case, although the 
figures calculated will be shown in section 2.3.2 (a), 137Cs deposition figures for each lake 
will be used as a measure of the relevant external dose rate for further correlations with 
FA. The 1 37 Cs deposition values were logged prior to plotting of the data due to the values 
ranging across two orders of magnitude. 
(b) Calculation of internal dose rate 
Although the external dose rate received by E. najas larvae is expected to be the dominant 
proportion of the total dose, internal dose rates were also calculated. When considering the 
internal dose rate received by E. najas larvae, any absorption of y-energy released by the 
decay of 137Cs would be minor in comparison with the absorption of ß-energy, as the vast 
majority of -y-rays would not be absorbed by the organism. Therefore any possible 
absorption of y-energy was ignored for the purposes of calculating the internal dose rate. 
E. najas larvae were on average 12 mm long x2 mm wide x2 mm deep. DCC's or data 
needed to calculate a DCC have previously been published for two similar sized 
organisms, a macrophyte root (100 mm x2 mm x2 mm) (Copplestone et al. 2001) and a 
generic insect larva (20 mm x 1.5 mm x 1.5 mm) (FASSET 2003b). The DCC used to 
calculate internal dose rates for the macrophyte root, calculated by Dr. J. Smith (Centre for 
Ecology and Hydrology, Dorset) using ß-particle absorbed fraction data (Copplestone et al. 
2001) was 9.1 x 10-5 µGyhr-1 per Bqkg-' fresh weight. The DCC used to calculate internal 
dose rates for the generic insect larva is 8.5 x 10-5 iGyhr-1 per Bgkg-1 fresh weight 
(FASSET 2003b). These two DCC's were used to calculate theoretical internal dose rates 
for macrophyte root and a generic insect larva, using the measurements made by Dr D. 
137 
Timms (University of Portsmouth) of Cs in the E. najas specimens. These internal dose 
rates were then used to infer 
internal dose rates received by E. najas larvae. 
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2.2.8 Mask spine counts data analysis 
This non-continuous data was analysed by calculation of Spearman rank correlation 
coefficients. 
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2.3 Results 
2.3.1 Tests for antisymmetry 
Most lake/trait combinations resulted in positive values for kurtosis (indicating slight 
leptokurtosis) which is not caused by antisymmetry (Table 2.5). Nineteen lake/trait 
combinations resulted in negative values of kurtosis, (indicating slight platykurtosis) which 
may be caused by antisymmetry in the data. However, inspection of frequency distribution 
plots of all lake/trait combinations with negative kurtosis values revealed that no 
antisymmetry was exhibited. 
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2.3.2 Dose rates 
(a) External dose rates 
Estimated external dose rates received by E. najas larvae in the lakes sampled ranged from 
24 µGyhr 1 in Glubokoye Lake to 0.066 µGyhr-' in Dvorische Lake (Table 2.6). These 
values are however indicative values only and ' 37Cs deposition figures will be used as an 
indicator of external dose rate in further analyses. 
Lake "'Cs deposition at each 
lake (kBgm-2) 
"'Cs activity of sediment 
(Bgkg-' fresh weight) 
External dose rate 
(tGyhr") decay 
corrected to 2003 
Glubokoye 37000 189744 24 
Perstok 3700 18974 2.4 
Svyatoye #3 1748 8964 1.2 
Svyatskoye #5 983 5041 0.65 
Svyatoye #7 658 3374 0.43 
Stoyecheye #8 288 1477 0.19 
Oranoe 143 733 0.094 
Dvorische 100 513 0.066 
Table 2.6 Activity concentrations of sediment and associated external dose rates 
received by E. najas larvae present at each lake. *indicative values only, see section 2.2.7 (a) 
(b) Internal dose rates 
The internal dose rates calculated for the generic insect larva are lower than those 
calculated for the macrophyte root (Table 2.7). This is expected due to the smaller size of 
the insect larva. However this difference in dose rates is small (7%) and, as the average E. 
najas larvae was closest in size to the generic insect larva, the dose rates received by E. 
najas larvae will be assumed to be the same or similar to dose rates calculated for the 
generic insect larva. Hence, internal dose rates experienced by E. najas ranged from 0.196 
µGyhf l at Perstok Lake to 0.233 X10-6 µGyhr-' at Stoyecheye #8 and Oranoe. 
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Lake "Cs of E. najas larvae 
(fa-ihn-1 frach wviahtl 
Internal dose rate (µGyhr"') 
`Výný  rJa" "r vabaa aý" 
Macrophyte root 
- 
Generic insect 
larva 
Glubokoye 1856 1.69E-01 1.58E-01 
Perstok 2307 2.10E-01 1.96E-01 
Svyatoye #3 711 6.48E-02 6.05E-02 
Svyatskoye #5 1076 9.81E-02 9.15E-02 
Svyatoye #7 66 6.00E-03 5.60E-03 
Stoyecheye #8 0.003 2.50E-07 2.33E-07 
Oranoe 0.003 2.50E-07 2.33E-07 
Dvorische 135 1.23E-02 1.14E-02 
Table 2.7 The levels of 137Cs detected in E. najas tissue was used to calculate 
theoretical internal dose rates for two similar sized organisms, a macrophyte root and 
a generic insect larva, using the relevant DCC's. 
2.3.3 Is FA of E. najas larvae related to 137Cs deposition levels? 
There are no significant correlations between levels of 137Cs deposition and FA for any of 
the traits measured or for the mean FA across traits (Fig. 2.15). FA of the stipes 
approaches a positive relationship with 137 Cs, but this relationship is not statistically 
significant. 
The highest mean FA was found in specimens collected from Perstok Lake, with 
specimens collected from Dvorische Lake exhibiting the second highest mean FA, despite 
being the least contaminated lake sampled (Fig. 2.15 h). Specimens from Glubokoye Lake 
(which were exposed to 137Cs levels ten times higher than those in Perstok Lake and 370 
times higher than those in Dvorische Lake) exhibited a mean FA that is within the range of 
specimens from all of the other lakes sampled (Fig. 2.15 h). 
In general, the mid tarsus segments exhibited higher levels of FA than the other 
features 
measured (Fig. 2.15 e and f). 
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Fig. 2.15 Fluctuating asymmetry (calculated using the FA1Ob index) of 
traits plotted against log1o137Cs concentration. (a) back femur (b) middle 
femur (c) back tibia (d) middle tibia (e) back mid tarsus (f) middle mid tarsus 
(g) stipes (h) mean FA across all traits (+/- 1 standard error). Spearman rank rs 
values displayed. n ranges between 44 and 95. Any negative values of FA I Ob 
were displayed as zeros. Note the different scales on the y axis. 
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2.3.4 Is FA of E. najas larvae related to internal dose rates? 
There is no correlation between internal dose rate and FA of E. najas larvae for any of the 
traits investigated (Fig. 2.16). 
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Fig. 2.16 Fluctuating asymmetry (calculated using the FA10b index) of 
traits plotted against internal dose rate of 137Cs emitted beta particles 
received by E. najas larvae. (a) back femur (b) middle femur (c) back tibia 
(d) middle tibia (e) back mid tarsus (f) middle mid tarsus (g) stipes (h) mean 
FA across all traits (+/- 1 standard error). Spearman rank rs values displayed. 
n ranges between 44 and 95. Any negative values of FA I Ob were displayed as 
zeros. Note the different scales on the y axis. 
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2.3.5 Does FA differ between lakes and traits? 
A lake x trait two-way ANOVA revealed that there were no differences between lakes 
(F7,42=0.97, P=0.462) but there were differences between traits (F6,42=17.96, P<0.001). 
The back and mid tarsus exhibited much higher levels of FA on average and were 
significantly different from all of the other traits. 
2.3.6 Mask spine counts 
The number of spines on any one side of any individual mask ranged between three and 
eight and maximum difference between the right and left sides of any individual was two. 
The majority of individuals, 84.80%, had symmetrical mask spines. 14.49% individuals 
had a difference between the left and right side of one spine and the remaining 0.71% of 
individuals had a difference between the left and right side of two spines. 
There is no relationship between mask spine asymmetry and 137Cs contamination or 
internal dose rate (Fig. 2.17). Individuals from Perstok Lake displayed the highest level of 
mask spine asymmetry for both the one and two spine difference categories. The 
percentage of asymmetrical individuals from Glubokoye Lake, the most contaminated lake, 
was within the range of those from the other sample sites. 
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2.4 Discussion 
2.4.1 Re-statement of study aims and hypothesis 
This study aimed to answer the following question: 
Is there any relationship between FA of E. najas populations and dose rates of ionising 
radiation? 
The following hypothesis was also suggested: 
FA will be increased in E. najas populations exposed to higher dose rates of ionising 
radiation when compared with populations exposed to lower dose rates. 
2.4.2 Why was no relationship detected between FA and dose rates? 
Based on the results of previous FA studies carried out on animals inhabiting the 
Chernobyl region, it was expected that E. najas collected from contaminated sites would 
have exhibited higher levels of FA that those collected from less contaminated and control 
sites. The results obtained in this study show that for the traits measured and at the FA 
detection levels achieved in this study, this is not the case. There was no relationship 
between FA of E. najas and 137Cs contamination levels. 
The internal dose rates received by E. najas larvae only accounted for an average of 5.6% 
of the total dose rate. Despite this small proportion, any relationship between FA and 
internal dose rates were investigated and it was found that no such relationship existed. 
The finding that there is no relationship between dose rates of ionising radiation and FA 
contradicts the findings of previous studies undertaken at Chernobyl (Moller 1993b: 
Moller 1998; Moller 2002; Oleksyk et al. 2004). The large scale study at Chernobyl 
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investigating FA of yellow-necked mice found that populations inhabiting only the most 
highly contaminated sites exhibited increased FA (Oleksyk et al. 2004). The authors 
suggest that there is an external dose rate threshold that lies between 0.132 and 0.297 
µGyhr-' which must be reached in order to see FA exhibited above reference levels 
(Oleksyk et al. 2004). E. najas from five lakes (Glubokoye, Perstok, Svyatoye # 3, 
Svyatskoye #5 and Svyatoye # 7) experienced external dose rates which exceeded the 
upper limit of this threshold (0.297 µGyhr 1). This would suggest that the E. naja. s' from 
these sites would indeed exhibit increased FA in comparison to less contaminated and 
control sites. 
The actual external dose rate figures calculated for E. najas are highly uncertain due to 
lack of knowledge concerning E. najas larvae behaviour. External dose rates in the 
yellow-necked mice study were estimated from data obtained by using thermoluminescent 
dosimeters (TLD's) (Oleksyk et al. 2004). This method is preferable because it is more 
likely to yield realistic dose rate estimates than the methods used in the present study 
which relied on the use of 137Cs deposition figures for each of the lakes. 
The threshold suggested in the yellow-necked mice study is based on data collected from 
mammals, which are more radiosensitive than insects (UNSCEAR 1996). It is therefore 
likely that any comparative threshold that may exist for insects would be significantly 
higher and it is likely that the maximum dose rates experienced by E. najas in this study 
were not high enough to exceed this higher hypothetical threshold. 
The contaminated sites investigated by Moller in the study of plants (Moller 1998) and stag 
beetles (Moller 2002) experienced a maximum radioactive contamination level of 4.66 
Cikin-? and were outside the 30 km exclusion zone. This converts to 172 kBqm-2 or 0.165 
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µGyhr ' (Timms et al. 2004). The maximum dose rate experienced by the plants and stag 
beetles in the studies by Moller is therefore higher than the lower level of the threshold 
suggested in the yellow-necked mice study. However, as previously described, both plants 
and insects are less radiosensitive than mammals, so to find an increase in FA of plants and 
stag beetles at such dose rates is perhaps surprising. 
2.4.3 Why did the mid tarsus exhibit the most FA? 
The back and middle mid tarsus segments exhibited significantly higher levels of FA than 
the other traits measured. One possible explanation for this is that there is less pressure on 
the mid tarsus segments to be symmetrical and individuals with asymmetrical mid tarsus 
segments grow and reproduce as efficiently as individuals with symmetrical features. The 
stipes, femur and tibia may be under more pressure to be symmetrical. Therefore 
individuals exhibiting asymmetry in these features may not be able to compete with 
symmetrical members of the population and therefore reproduce less or die earlier. 
2.4.4 Why was the internal dose rate higher in Perstok than Glubokoye? 
Internal dose rates calculated using the levels of 137CS measured in dried E. najas 
specimens showed that individuals from Perstok Lake were exposed to higher internal dose 
rates than those in Glubokoye Lake. This initially appears surprising as the sediment in 
Glubokoye Lake is ten fold more highly contaminated than that of Perstok Lake in terms of 
137Cs deposition levels. Following the Chernobyl accident, Glubokoye Lake was 
contaminated by fuel particles which increased the 
1 37Cs levels in the lake sediments. 
However, radionuclides can only be internally absorbed by E. najas when available in the 
lake water and 137Cs contained in fuel particles is present in the sediment but not in the 
water column. The 
137Cs concentration in the water of Glubokoye Lake is 10 Bql -' whilst 
Perstok Lake has the higher level of 13.4 Bql-'. Hence the higher internal dose rate in 
Perstok Lake. 
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The concentration of 137Cs in the water is in equilibrium with the concentration of 137Cs in 
the sediment, but many factors can affect this equilibrium and therefore the level of 137Cs 
in the water compared with the level of ' 37Cs in the sediment will vary between lakes. The 
chemistry of the lake water and the form that the 137Cs takes in the sediment both affect 
this equilibrium between 1 37 Cs in the water and ' 37Cs in the sediment. 
2.4.5 Limitations of previous FA studies 
There are five main studies previously undertaken investigating the effects of 
environmental ionising radiation on FA (Moller 1993b; Moller 1998; Gileva and Nokhrin 
2001; Moller 2002; Oleksyk et al. 2004). The major findings of these studies were 
described in section 2.1.3. Section 2.1.4 listed essential factors which should be included 
in any thorough FA study. Whilst some of the previous studies have been conducted in a 
robust way, other studies have severe limitations. 
The study of yellow-necked mice (Oleksyk et al. 2004) is by far the most comprehensive 
study published to date investigating FA of biota in the Chernobyl region. This study 
investigated large sample sizes and many study sites, covering a range of radioactive 
contamination levels, the most contaminated site experiencing some of the highest dose 
rates available for investigation in the Chernobyl region. Errors associated with both the 
positioning of skulls prior to photographing and placing of landmarks were estimated and 
the images of the skulls were coded to avoid bias (Oleksyk et al. 2004). These factors 
make the data presented in this study appear highly reliable. 
The FA studies on stag beetles (Moller 2002) and plants (Moller 1998) investigated 
contaminated sites that were outside the 30 km exclusion zone and did not make use of the 
most contaminated sites in the region available for study. Measurement error was 
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estimated in both of the studies but, assuming that measurements were made in the field. 
the specimens could not have been coded possibly allowing bias to be introduced. Also, in 
the plant study, less than 4% of individuals were remeasured in order to estimate 
measurement error (Moller 1998). This is a very small proportion, and although they were 
measured on subsequent days, if it was known prior to data collection which plants would 
be remeasured, then it is possible these measurements would not accurately represent 
measurement error for the entire sample. 
It is unclear from the publication on barn swallow FA (Moller 1993b) the exact location of 
the contaminated site investigated or the dose rates of ionising radiation received by the 
birds studied. Attempts to contact the author regarding this have been unsuccessful. Also, 
none of the FA measurements were taken twice and measurement error was not mentioned 
anywhere in the paper. Measurement error is one of the most important aspects of FA 
studies (Palmer 1994) and it is therefore surprising that it is not mentioned. In the light of 
this, the data presented in this study should perhaps be viewed with caution. 
The study of East European voles at Totsk estimated measurement error by taking each 
measurement four times with the skull in two different positions (Gileva and Nokhrin 
2001). Analysis revealed that the skull position was significant although the authors do not 
discuss the relevance of this (Gileva and Nokhrin 2001). 
The studies on stag beetles (Moller 2002) and barn swallows (Moller 1993b) only analysed 
samples from two study sites (plus museum specimens) and the study on plants (Moller 
1998) used a transect. The East European vole study also only involved animals from one 
control site (Gileva and Nokhrin 2001). A low number of sample sites limits the extent to 
which any relationship between FA and radioactive contamination can be investigated. 
The study on yellow-necked mice used seven control sites and noted differences between 
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control sites in the level of FA (Oleksyk et al. 2004). The authors of this study stress that 
it is essential to study a number of control sites in order to reliably estimate the background 
level of FA prior to making comparisons with contaminated sites (Oleksyk et al. 2004). 
The number of mated male stag beetles investigated in the stag beetle study is low (14 in 
total for two sites) although the author states that the sample sizes used are `within range of 
commonly used sample sizes of mated individuals' (Moller 2002). 
The yellow-necked mice study used dermestid beetles to clean skulls prior to them being 
dried (Oleksyk et al. 2004). It is not known what effect, if any, this drying process had on 
skull FA. It is not stated in the East European vole publication how the voles were caught 
or how the flesh was removed from the skulls prior to measurements being taken (Gileva 
and Nokhrin 2001), so it is impossible to comment on whether these methods would have 
affected the FA of the skulls in any way. The studies on plants (Moller 1998), stag beetles 
(Moller 2002) and barn swallows (Moller 1993b) avoided any potential problems caused 
by preserving specimens by taking measurements from live individuals. 
The studies on stag beetles (Moller 2002) and barn swallows (Moller 1993b) obtained 
measurements from museum specimens collected prior to the 1986 Chernobyl accident. 
Use of museum specimens in FA studies has previously been criticised because museum 
specimens may include more `typical' specimens than would occur in a natural population 
(Swaddle et al. 1994). Also the wear and tear of old specimens may not be able to be 
separated from FA (Swaddle et al. 1994). The author of the barn swallow publication does 
however point out that the museum specimens used in this study were collected by many 
different people and therefore are unlikely to be biased in a consistent way (Moller 1993b). 
The author also notes that museum specimens may suffer from post mortem shrinkage 
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although the results obtained do not seem to suggest that this has occurred in this case 
(Moller 1993b). 
Measurements of stag beetles were taken by two different people (Moller 2002) and 
although the measurements were not significantly different from each other, in this 
situation care must be taken that personal preference is discussed and is uniform 
throughout the data collection (e. g. a decision must be made regarding what constitutes a 
damaged specimen etc. ). It is not stated how many people were involved in taking 
measurements for the other studies discussed. 
In all studies discussed, none has demonstrated a causal link between 1 37Cs and elevated 
FA (i. e. a laboratory study did not accompany the work in which 137Cs was the only 
variable). 
2.4.6 Limitations of the present study 
This large scale study investigated 720 individuals from eight sites in the Chernobyl 
region, including Glubokoye Lake, the most contaminated lake available for study in the 
Chernobyl region. Several control lakes were also used in order to gain a good insight into 
background FA levels. Measurement error was estimated in 10% of individuals and all 
measurements were taken by the same person. 
Specimens were preserved in 96% ethanol prior to FA measurements being obtained. 
There are no published studies investigating what effects alcohol preservation has on the 
FA of invertebrate traits. However, in this study all specimens were treated in the same 
way, with both the left and right sides of the specimen being preserved in the same tube of 
ethanol and therefore any effect should 
have been universal. An unpublished study into 
the effects of different preservation techniques of aquatic invertebrates on FA was 
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completed at University of Manchester and it was found that preservation in ethanol had 
the least effect on FA, after freezing (M. Fletcher, University of Manchester. pers. comm. 
2003). Other preservation methods such as the use of formaldehyde had greater effects on 
FA than the use of ethanol (M. Fletcher, University of Manchester, pers. comm. 2003). 
Obtaining measurements from fresh specimens or frozen specimens would have been 
preferred for this study, but this was not logistically possible. 
The internal dose rate calculations included wet weights of groups of E. najas specimens 
from each of the lakes. The wet weight measure was not a true fresh weight, as ethanol 
was used as the preservative prior to weight measures being taken. The specimens were 
only measured to one decimal place in order to account for the weight loss as ethanol 
evaporated during the weighing process. 
Calculation of external dose rates would have been made easier and more accurate if 
TLD's had been used to measure the dose rate at the surface sediment at the fringes of the 
lakes over a set time period. This method was used in the yellow-necked mice study 
(Oleksyk et al. 2004) and should have been used in the present study. 
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2.5 Conclusions 
The question originally proposed in section 2.1.5 was: 
Is there any relationship between FA of E. najas populations and dose rates of ionising 
radiation? 
This study found that no relationship was detected between 1 37Cs contamination levels or 
internal dose rates of ionising radiation and FA of E. najas from the Chernobyl region. 
The hypothesis originally proposed in section 2.1.6 was: 
FA will be increased in E. najas populations exposed to higher dose rates of ionising 
radiation when compared with populations exposed to lower dose rates. 
The present study has revealed no evidence to support this hypothesis. For the traits 
measured and FA detection levels reached in this study, neither 1 37Cs contamination levels 
nor internal dose rates affect the FA of E. najas larvae at the sites investigated in the 
Chernobyl region. 
Chernobyl-derived radioactive contamination has not had any adverse effects on the fitness 
of E. najas larvae from the region as indicated by the use of FA techniques. 
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2.6 Comments 
Comment 1: Since the completion of this work, the Ukrainian Hydrometeorological 
Institute, Kiev, has suggested revised figures of radionuclide contamination for the 
Glubokoye Lake site of 15500 kBqm-2 of 137Cs and 12000 kBqm-2 of 90Sr corrected to 
1986 (G. V. Laptev, Ukrainian Hydrometeorological Institute Kiev, pers. comm. 2005). 
The original figure used in this study of 37000 kBgm-2 was estimated from measurements 
taken around the edge of the lake and includes the most contaminated zone. The new 
lower figure is an average figure calculated for the entire lake. As E. najas larvae inhabit 
the edge of the lake, the original figure used in analysis of this data is acceptable. 
Comment 2: In 2004 A. P. Moller was accused and convicted by the Danish Committee 
on Scientific Dishonesty of fabricating data published in a 1998 Oikos paper (which has 
since been withdrawn) (Abbott 2004; Vogel et al. 2004). Moller appealed and the incident 
was investigated by the National Scientific Research Centre (CNRS) in France. The 
resulting verdict was inconclusive, with Moller being found neither guilty nor innocent. 
Therefore, in the absence of a guilty verdict, innocence must be assumed. Since this case, 
another leading scientist working on FA, R. Palmer, has publicly raised doubts concerning 
the validity of Moller's work on FA of barn swallows (Palmer 2005). The CNRS have yet 
to make a decision as to whether a full investigation into Moller's work is warranted. 
Moller's work is heavily referenced in this chapter with respect to FA studies previously 
undertaken in the Chernobyl region, particularly the study on stag 
beetles (Moller 2002). 
The results obtained in the present study on FA of E. na/as larvae contradict those findings 
made by Moller. 
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Chapter 3 
Isolation of microsatellites from E. najas 
3.1 Introduction 
Research into how non-human biota cope with high levels of environmental radioactive 
contamination is essential in order to ensure that ecosystems are adequately protected. The 
1986 Chernobyl accident caused the release of large amounts of radionuclides into the 
surrounding environment resulting in a 30 km human exclusion zone being created around 
the nuclear power plant. The Chernobyl area provides an ideal site for investigations into 
the effects of radionuclide contamination on non-human biota. Despite the region 
containing many lakes, studies of the effects of ionising radiation on freshwater 
invertebrates are lacking. One commonly documented effect of ionising radiation is DNA 
damage (Ellegren et al. 1997; Zotti-Martelli et al. 1999). The aim of this chapter's work is 
to isolate microsatellites which may be used in further analysis to assess the levels of DNA 
damage in the aquatic invertebrate E. najas. 
3.1.1 Microsatellite markers 
There are a wide range of molecular markers that could be used to assess DNA damage in 
E. najas specimens from the Chernobyl region, as discussed in Chapter 1, sections 1.5.1 - 
1.5.4. High mutation rates and convenient PCR-based methods make microsatellites the 
marker of choice for this study. Microsatellites are stretches of DNA consisting of a 
tandemly repeated motif of between one and six base pairs (bp) (Jayne and Lagoda 1996). 
Microsatellites are usually found in non-coding regions of DNA and exhibit high mutation 
rates (Goldstein and Schlötterer 1999). 
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Although microsatellites are found predominantly in non-coding regions of DNA, some are 
present in promoter regions of genes or in coding DNA. Some microsatellites found in the 
upstream promoter regions of coding sequences can act to enhance the expression of genes, 
for example, nuclear proteins were found to bind to poly(ACAT) enhancing gene 
expression in Drosophila (Gilmour et al. 1989). Mutations of microsatellites located in the 
promoter regions of genes can also cause genetic disease, for example, fragile X syndrome 
which is caused by the progressive expansion of a trinucleotide repeat (CGG) located in 
the promoter region of the FMRI gene (Fu et al. 1991). Mutations of microsatellites that 
occur in coding regions of DNA can be lethal or cause disease by disrupting the reading 
frame, for example, the expansion of microsatellites in coding regions of DNA is thought 
to be a key mechanism underlying tumour formation (Perucho 1996). 
Microsatellites have high mutation rates relative to point substitution rates in DNA 
sequences (Hancock 1999). Point mutation rates in non-repetitive DNA occur at around 
10-9 to 10-10 events per locus per generation (Hancock 1999) whilst microsatellite 
mutations have been estimated to occur at much higher rates varying between 10"2 to 10-6 
events per locus per generation (Table 3.1). 
Microsatellite mutation rate (events per Species and reference 
locus per generation) 
10-2 Escherichia coli Escherich 1885 (Levinson 
and Gutman 1987a). 
10-3 Homo sapiens Linnaeus 1758 (Weber and 
Wong 1993). 
10-4 Saccharomnyces cerevisiae Meyen ex E. C. 
Hansen (1883) (Henderson and Petes 1992). 
10-5 - 10-6 Neurospora spp. (Dettman and Taylor 2004). 
10-6 D. melanogaster (Schug et al. 1997; 
Schlötterer et al. 1998; Schug et al. 1998; 
Vazquez et al. 2000). 
Table 3.1 Microsatellite mutation rates in different species 
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In eight species of Neurospora, the estimated microsatellite mutation rates were 
approximately 2500 times greater than those of the flanking regions of DNA (Dettman and 
Taylor 2004). The high mutation rate of microsatellite markers creates greater chances of 
observing variation between individuals of the same species, making microsatellites 
suitable markers for use in population studies where identifying individuals is critical. 
Microsatellite mutation usually involves an increase or decrease in the number of repeat 
units. The main mechanism by which this occurs is slippage, a form of stepwise mutation 
(Strand et al. 1993). Slippage occurs during replication when the parent and daughter 
DNA strands become separated from each other and re-anneal out-of-phase causing a DNA 
loop to form either in the parent or daughter strand producing a shorter or longer daughter 
strand respectively (Levinson and Gutman 1987b). It has been demonstrated that there is a 
positive relationship between microsatellite mutation rate and the number of repeats (i. e. 
the more repeat units a microsatellite contains, the higher the mutation rate) (Dettman and 
Taylor 2004). It is suggested that longer alleles are more prone to slippage because larger 
numbers of repeats allows more opportunities for strands to re-anneal out-of-phase (Eisen 
1999). Furthermore, particular alleles have been shown to be more susceptible to 
mutational processes than others. For example, despite the average mutation rate in D. 
melanogaster being 10-6, one `hypermutable' allele was found to have a mutation rate of 
10-4 events per locus per generation (Schlötterer et al. 1998). The most polymorphic 
microsatellites are those which consist of uninterrupted arrays of tandemly arranged 
repeats (Weber 1990). However interrupted microsatellites (those which contain 
interruptions of one or more nucleotides), and compound microsatellites (those which 
consist of tandem array of different motifs) also exist (Hancock 1999). 
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Once characterised and optimised, microsatellite markers are, compared to other types of 
DNA sequence analysis, relatively cheap. Furthermore, using a PCR-based approach. 
microsatellite analysis is a rapid and simple system. Microsatellites are codominant 
markers allowing levels of heterozygosity to be obtained (Coltman et al. 1998; Coulson et 
al. 1998) and have the potential for detecting recent population bottlenecks (Garza and 
Williamson 2001). Microsatellites can also be used for mapping programmes, kinship 
investigations and gene flow studies (Jayne and Lagoda 1996). 
3.1.2 Previously published microsatellites 
Currently there are no microsatellite markers published for E. najas but there are 
microsatellite loci published for other members of the Coenagrionidae family: two loci 
published for I. elegans (Cooper et al. 1996) and 19 loci published for C. mercuriale 
(Watts et al. 2004a; Watts et al. 2004b). 
Cross-species amplification of microsatellite loci has been demonstrated in a variety of 
animals including bats (Ortega et al. 2002), seals (Davis et al. 2002), gulls and shorebirds 
(Given et al. 2002), turtles (FitzSimmons et al. 1995), bees (Estoup et al. 1993), ants 
(Dalecky et al. 2002), aphids (Wilson et al. 2004) and damselflies (Watts et al. 2004b). 
A large scale study investigated cross-species amplification of microsatellite loci in aphids 
(Wilson et al. 2004). In this study, high success rates were achieved when amplifying in a 
test species belonging to the same genus as the original target species, for example 82% of 
amplifications were successful when screening loci isolated in Sitobion miscanthi 
(Takahashi 1921) in other Sitobion species. Of those successful amplifications, 52% were 
assessed for polymorphism and it was found that 81% of those were polymorphic with the 
number of alleles ranging from 2 to 16 for each locus tested (Wilson et ul. 2004). 
Amplifications in species that shared a common subfamily and tribe with the target species 
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(but not genus) were less successful, for example, only 59% of loci originally isolated in 
Sitobion avenae (Fabricius 1775) and S. miscanthi amplified products in other (non- 
Sitobion) members of the Macrosiphini tribe. Of those successful amplifications, 52% 
were assessed for polymorphism and just 47% of those were polymorphic with the number 
of alleles ranging from 2 to 10 (Wilson et al. 2004). Amplification of loci tested in species 
from outside the subfamily from which they were isolated had just a 38% success rate. Of 
those successful amplifications, 26% were assessed for polymorphism and 53% of those 
were polymorphic with the number of alleles ranging from 2 to 8 (Wilson et al. 2004). 
Cross-species amplification has also been successful in damselflies from the family 
Coenagrionidae (Watts et al. 2004b). Nineteen microsatellite loci originally isolated in C. 
mercuriale were tested in five other Coenagrion species. Seven polymorphic loci were 
amplified in Coenagrion puella (Linnaeus 1758) with the number of alleles ranging 
between two and four for each locus. Seven polymorphic loci were also amplified in 
Coenagrion pulchellum (Vander Linden 1825), with the number of alleles ranging between 
two and four for each locus. A further two loci were amplified in I elegans, each loci 
amplifying two alleles (Watts et al. 2004b). 
The results of these two studies on cross-species amplification in aphids and damselflies 
clearly demonstrate that as the divergence between species increases, the number of 
successful loci amplifications decreases. Successful amplifications were more likely in a 
test species that was closely related to the target species from which the microsatellite was 
originally isolated (Watts et al. 2004b). 
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3.1.3 Aims and objectives 
This project aims to obtain polymorphic microsatellite loci for E. naja. s. These loci will 
then be used in further work to address the following questions: 
" Is heterozygosity of E. najas populations related to 137Cs contamination levels or 
internal dose rates of ionising radiation? 
9 Has there been a bottleneck in the E. najas populations from the Chernobyl region? 
" Is there gene flow between different lake populations of E. najas? 
It is particularly encouraging that cross-species amplification has been previously 
successful in Coenagrionids (Watts et al. 2004b). In the light of this, published 
Coenagrionid primers that have been successfully amplified in other species will be tested 
in E. najas. It is likely however, that cross-species amplification alone will not yield 
sufficient polymorphic loci and new loci will have to be isolated. 
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3.2 Materials and Methods 
3.2.1 Sample sites and collection of E. naj as specimens 
The sample sites and the collection of E. najas specimens are described in Chapter 2, 
sections 2.2.1 and 2.2.2 respectively. Over 100 specimens were collected from each lake 
with the exception of Svyatskoye #5 from which only 51 specimens were obtained due to 
the apparent low population density in this lake. The lakes ranged in radioactive 
contamination from the highly contaminated Glubokoye Lake (37000 kBqm-2) to the 
unaffected Dvorische Lake (100 kBgm-2), see Chapter 2 Table 2.1. Collected specimens 
were preserved in 96% ethanol. 
3.2.2 DNA extraction 
E. najas specimens that had previously been assessed for FA (see Chapter 2), underwent 
DNA extraction (96 individuals from each lake except Svyatskoye #5 from which there 
were 48 individuals). DNA extractions using a chelex-based method (Walsh et al. 1991) 
commenced following the completion of all FA data collection. For details of reagents, 
solutions and equipment used see Tables 3.2,3.3 and 3.4 respectively. Each damselfly 
specimen was washed in distilled water to removed excess ethanol and added to a 1.2 ml 
collection microtubule containing 50 µl mixer mill buffer, 3 µl of 10 mg/ml Ribonuclease 
A, 3 pl of 10 mg/ml Proteinase K and a tungsten bead. The 1.2 ml tubes were then capped 
and placed into collection microtubule racks, each rack holding a maximum of 96 tubes. 
Specimens were shaken on a Vibration Mill for one minute at 30 Hz (1800 
oscillations/minute) and then centrifuged at 5000 rpm for two minutes. Digestion chelex 
(320 µl) was added to each of the tubes which were then rotated in an incubator overnight 
at 37°C. Specimens were then centrifuged at 6000 rpm for two minutes and 250 µl of the 
supernatant (containing the genomic DNA) was added to 260 pl storage chelex in a fresh 
96 
tube. Genomic DNA concentration was estimated by running aliquots on 1% agarose gels 
in 1x TBE buffer, stained using ethidium bromide at a concentration of 1 µg/ml. The 
DNA extractions were then compared with a known concentration of DNA ladder. DNA 
from 12 randomly selected individuals was used in subsequent microsatellite work. 
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Reagent Company 
Acrylamide: Ultra Pure SequaGel©-6 National Diagnostics 
Agar: S-GalTM/LB agar blend containing S-Gal (ß-galactosidase substrate) Sigma-Aldrich 
IPTG and LB Agar 
Aga rose (multi purpose) Bioline 
Ammonium persulphate Sigma-Aldrich 
Ampicillin (filtered using a 0.22µm filter) Sigma-Aldrich 
BIOTAQ DNA polymerase (5units/µl), l Ox NH4 reaction buffer and 50mM Bioline 
MgC12 
BIO-X-ACTT"Long DNA polymerase (4units/µl), I Ox Opti Buffer and 
50mM MgC12 
Borate 
Chelex-100 (sodium form) 
DNA ladder: Hyperladder 
dNTPs: high concentration dNTP set 
DYEnamicTM ET dye terminator kit containing sequencing reagent 
premix, sodium acetate/EDTA buffer, formamide loading dye, control 
M 13mp 18 DNA/control primer for control sequencing reaction 
Ethidium bromide 
Ethylenediaminetetraacetic acid (EDTA) 
Hybridization solution: PerfectHybTM plus hydridization buffer, lx 
solution 
Multi-primer PCR kit: Qiagen Multiplex PCR kit 
N, N, N', N'-Tetramethylethylenediamine (Temed) 
Nucleic acid transfer membrane: HybondTM-N+ nylon transfer membrane 
Proteinase K 
Oligonucleotides/primers (various, described in text) 
PCR purification kit: QIAquick® PCR purification kit 
pGEM®-T Vector System 11 kit containing JM109 competent cells, 
pGEM®-T vector (the plasmid), control insert DNA, T4 DNA ligase, 2x 
rapid ligation buffer for T4 DNA ligase 
Primers for PCR and sequencing 
Ribonuclease A 
Rsa 1 (10 units/ml) 
Silver staining kit: SILVER SEQUENCETM DNA Staining Reagents 
SOC medium 
Sodium dodecyl sulphate (SDS) 
Sodium chloride (NaCI) 
Sodium hydroxide (NaOH) 
T4 DNA Iigase (400 units/ml), lOx ligase buffer and 100x bovine serum 
albumin (BSA) 
Tris (hydroxymethyl) aminomethane (TRIS) 
Triton® X-100 (t-Octylphenoxypolyethoxyethanol) 
Xmn 1 (20 units/ml) 
Table 3.2 Details of reagents used in the molecular methods 
Bioline 
Sigma-Aldrich 
Sigma-Aldrich 
Bioline 
ABgene 
Amersham-Biosciences 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Qiagen 
Sigma 
Amersham Biosciences 
Sigma-Aldrich 
MWG biotech 
Qiagen 
Promega 
MWG Biotech 
Sigma-Aldrich 
New England Biolabs 
Promega 
Sigma-Aldrich 
BDH Laboratory Supplies 
Sigma-Aldrich 
BDH, VWR International Ltd. 
New England Biolabs 
Fisher Scientific 
Sigma-Aldrich 
New England Biolabs 
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Solution Chemical composition 
Mixer mill buffer 100 mM NaCI, 10 mM EDTA, 50 mM TRIS 
Digestion chelex 5% chelex-100,100 mM NaCI, 10 mM EDTA, 50 mM TRIS, 1% Triton© 
X-100 
Storage chelex 5% chelex-100,1mM EDTA, 10mM TRIS 
20xSSC (used at 3.0 M NaCl, 0.3 M sodium citrate, adjusted to pH 7 using 5M NaOH 
various concentrations) 
Ix TBE buffer 110 mM TRIS, 90 mM borate, 2.5 mM EDTA, pH 8.3 
Table 3.3 Details of solutions used in the molecular methods 
Equipment Company 
96-welled PCR plates Alpha labs 
Centrifuge: Sigma 4-15C plate centrifuge Sigma Laboratory Centrifuges 
Collection microtubules/lids (1.2ml) Alpha labs 
Collection microtubule 96-welled racks Qiagen 
PCR machine PTC-225 DNA Engine Tetrad MJ Research 
Vibration Mill: Laboratory Vibration Mill Type MM300 Retsch GmbH & Co. 
Sequencer: BasestationTM DNA fragment analyser. MJ Research 
Sequence analysis software: Cartographer Analysis Software MJ Research 
version 1.2.6sg, (2002), MJ Geneworks, Inc. USA. 
Table 3.4 Details of equipment used in molecular methods 
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3.2.3 Testing of published microsatellite primers 
Several published microsatellite primers for other species within the Coenagrionidae 
family were tested using E. najas DNA (Table 3.5). The loci tested were selected either 
due to the high quality of the microsatellite (in terms of number of repeats) or because 
cross-species amplification had been shown to work previously (Watts et al. 2004b). 
Locus Repeat Primer sequence (5'-3') T. GenBank 
(°C) Acc. No. 
GIM4 (AG)9 AGC CAA AGG CGC GTT ATA GCT G 62.1 
GGA TCC GAT CCT AAG GCA CTC ATA G 64.6 
GIM6 (AG)lo ACT TTC ACG AGC AGG AAT GAG G 
AGA GGG TCT CTG AGA TCC CAC G 
LIST4-023 (TG)8 CGA AAT TTG GGT AGA AAC AC 
TGA ATT CGT ACA GCA ATC AG 
LIST4-035 (CA)22 TAC GAT GAA TCA ACA ATC GAA 
AAT CTA CAC CAA GGG CAC TC 
LIST4-042 (GT)io CGA TCA CCA GAG AGG ACA CA 
GCA TGA AGA TTA CGA CCC AAA 
LIST4-053 (TG)29 GGC TCC TCT GAG CAG TCT TC 
TGG CGT CAA ATA CGG TAC TC 
LIST4-060 (AAC)6.. (AAC)2 CAA GTA TTG GGT GTG CAT GTG 
AAT GTG GAT GTT TCC TGA GAA 
LIST4-066 (CTT)24 TCC TCC AAG TTA CGC AGC TC 
TGC CTT CCA GAA ACC TTC TT 
60.3 
64.0 
53.2 BV012676 
53.2 
52.0 BV012680 
57.3 
59.4 BV012721 
55.9 
61.4 BV012723 
57.3 
57.9 BV012682 
54.0 
59.4 BV012684 
55.3 
Table 3.5: Published microsatellite primers tested with E. najas DNA. 
The first 2 loci listed were isolated in I. elegans (Cooper et al. 1996) and the remaining 6 loci were isolated 
in C. mercuriale (Watts et al. 2004a). T,,,: primer melting temperature. 
Optimising previously published primers involved finding a suitable annealing temperature 
by using a temperature gradient annealing step in the PCR. The 10 µl PCR reactions were 
carried out in 96-well PCR plates and consisted of 1 µl (diluted 1 in 10) genomic DNA. 0.2 
units Taq DNA polymerase (BIOTAQ) with 0.7 µl of relevant l Ox NH4 reaction buffer, 2 
mM MgC12,1 mM dNTPs and 0.2 µM each of the forward and reverse primers. The PCR 
conditions consisted of 34 cycles of 94°C for 45 seconds, various annealing temperature 
gradients (40-58°C, 50-68°C660-78°C) for 20 seconds and 72°C extension step 
for one 
minute 30 seconds. Following the last cycle there was an extension step at 
72°C for ten 
minutes. PCR products were run on 6% acrylamide gels and stained with silver nitrate. 
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Following tests with published primers, microsatellite isolation in E. najas was attempted 
using two methods, an enrichment method (Bond et al. 2005) and a Random Amplified 
Polymorphic DNA (RAPD) based method (Ender et al. 1996). 
3.2.4 Microsatellite isolation using an enrichment method 
This method involved hybridising a repeat oligonucleotide (a short stretch of repeated 
synthetic nucleotides) to a piece of nucleic acid transfer membrane and using it to probe 
the genomic DNA. This method has previously been used to isolate microsatellites in the 
smooth snake, Coronella austriaca Laurenti 1768 (Bond et al. 2005). 
(a) Digestion of genomic DNA with Rsa I and Xmn I 
The genomic DNA of 12 randomly selected E. najas individuals was used as template for 
the isolation of micro satellites. The genomic DNA was digested to yield fragments of 
approximately 500 bp that could later be inserted into bacterial vectors. The fragments 
generated were small enough to be easily sequenced but large enough to contain 
microsatellites together with flanking regions of DNA. Genomic DNA was digested using 
the restriction enzymes Rsa I and Xmn I which recognise and cut DNA at GT/AC and 
GAANN/NNTTC respectively, providing blunt ends for subsequent linker ligation. The 
25 µl restriction digest consisted of 2.5 µ1 lOx ligase buffer, 0.25 µl 100x bovine serum 
albumin (BSA), 50 mM NaCl, 0.01 units Rsa I and 0.02 units Xmn I, and 4 µg genomic 
DNA. The digest was incubated at 37°C for three hours. 
(b) Ligation of linkers to DNA fragments 
Double stranded linking regions of DNA (linkers) were ligated to each end of the genomic 
DNA fragments. The linkers enabled the DNA fragments to be inserted into bacterial 
plasmids and also acted as PCR primers for later reactions. SuperSNX24 linkers were 
used (Glenn and Schable 2002), see over. 
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SuperSNX24 Forward: 5' GTT TAA GGC CTA GCT AGC AGA ATC 3' 
SuperSNX24 Reverse: 5' pGAT TCT GCT AGC TAG GCC TTA AAC AAA A 3' 
Double stranded (ds) SuperSNX24 linkers were prepared by mixing equal amounts of each 
linker and adding NaCI to a final concentration of 100 mM. This mixture was heated to 
95°C and slowly cooled to room temperature, then 7.0 µl of ds SuperSNX linkers, 1.0 pl 
IOx ligase buffer and 0.8 units T4 DNA ligase were mixed and added to a 3.0 µl aliquot of 
the restriction digest mix. This mixture was incubated at room temperature for two hours. 
Any linker to linker bonds that formed were removed by Xmn I (used in the previous step), 
as the recognition site for this enzyme is created when the linkers ligate to one another. 
The DNA fragments with linkers were then ready to be probed for microsatellite repeats by 
using a repeat oligonucleotide bound to a piece of nucleic acid transfer membrane as a 
probe. 
(c) Fixing of repeat oligonucleotides to nucleic acid transfer membrane 
One 0.5 cm2 piece of nucleic acid transfer membrane was cut for each repeat type being 
enriched for. Each repeat oligonucleotide (4.0 µl of 10.0 µM stock solution (Table 3.6)) 
was combined with 30.0 µl of 3xSSC. The oligonucleotide/SSC mixture was spotted onto 
separate pieces of nucleic acid transfer membrane 10 µl at a time and then incubated at 
80°C for ten minutes after each 10 µl aliquot was added. After all of the mixture was 
spotted onto the membrane, it was incubated at 80°C for two hours, ensuring that the 
oligonucleotide was irreversibly bound to the membrane. 
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Repeat type Number of repeats Number of bases T. (°C) 
AC 15 30 68.1 
AAT 15 45 54.9 
GGCT 12 48 86.5 
AAAG 12 48 66.0 
AC 20 40 73.6 
AG 20 40 73.6 
AAC 15 45 68.5 
Table 3.6 Oligonucleotides bound to nucleic acid transfer membrane 
used to probe for micro satellites. T,,: oligonucleotide melting temperature. 
(d) Prehybridization of membrane 
Any unbound repeat oligonucleotide was removed by incubating the membrane in a 
rotating tube at 50°C for five minutes in 400 µl of hybridization solution. The membrane 
was then agitated vigorously in the hybridization solution, removed, and rinsed briefly in 
100 µl of fresh hybridization solution. 
(e) Hybridization of membrane with DNA fragments 
The membrane was transferred to fresh hybridization solution (sufficient to make a final 
volume of 400 µl after the addition of DNA fragments) and 4.0 µl of SuperSNX forward 
primer (to reduce the formation of long chains of DNA). The genomic DNA fragments 
with linkers (100 ng) were denatured at 95°C for two minutes on a PCR block and added to 
the membrane/primer/hybridization solution mixture. This was then incubated in a rotating 
tube overnight at a temperature 10°C below the relevant T,,, (oligonucleotide melting 
temperature), (Table 3.6). 
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(/) Membrane washes to remove non-bound DNA fragments and elution of bound DA A 
The membrane was subjected to ten washes consisting of both low (2 x SSC, 0.1% sodium 
dodecyl sulphate (SDS)) and high (0.5 x SSC, 0.1% SDS) stringency washes to remove 
any weakly bound or non-repetitive DNA from the membrane (Table 3.7). 
Wash number Wash solution Time per wash (minutes) 
1 Low 15 
2-3 High 20 
4-6 High 5 
7-8 High 15 
9-10 H2O 1 
Table 3.7 Nucleic acid transfer membrane washes following the hybridization of 
genomic DNA fragments to a bound repetitive oligonucleotide. Low wash solution: 2x 
SSC, 0.1% SDS, High wash solution: 0.5 x SSC, 0.1% SDS. All low and high washes were incubated at 
50°C in a rotating tube containing 400 µl of solution. The 200 µl water washes were incubated at 65°C in a 
rotating tube. 
Following the washes, the bound repetitive DNA fragments of interest were eluted from 
the nucleic acid transfer membrane by heating the membrane in 200 µl water for five 
minutes at 95°C on a PCR block. 
(g) PCR of eluted DNA to increase yields prior to cloning 
The 200 µl eluted DNA was cleaned and concentrated using a PCR purification kit. 
yielding 30 µl DNA. A 45 pl PCR reaction, using the SuperSNX24 forward primer, was 
then used to increase the yield of eluted DNA. The 45µl PCR reaction consisted of 2.5 µl 
cleaned eluted DNA template, 1.2 units BIO-X-ACT long Taq DNA polymerase with 4.5 
µl of the relevant Opti buffer. 2 mM MgCl, ), 0.8 mM dNTPs and 0.58 µM SuperSNX24 
forward primer. The PCR conditions were 94°C for 20 seconds. 60°C for 20 seconds and 
72°C for one minute and 30 seconds for 40 cycles. Following the last cycle there was a 
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prolonged extension step of 72°C for one hour. The PCR product was then cleaned using a 
PCR purification kit and an aliquot run on an agarose gel for quantification. The water 
washes were subjected to a similar PCR in order to check that the stringency of the washes 
was appropriate. 
(h) Ligation of PCR fragments into a plasmid vector 
The isolated fragments of genomic DNA were ligated into a plasmid vector prior to 
introduction into competent cells. The ligation was set up in a 0.5 ml Eppendorf tube and 
consisted of 5 µl of 2x rapid ligation buffer, 1 µl of T4 DNA ligase, 1 µl pGEM T-Vector 
(the plasmid) and 3 µl of PCR product from the previous step (the ligation was optimised 
according to the Promega kit instructions). The ligation was then left either at room 
temperature for two hours, or 4°C overnight. Any surplus PCR product was used in further 
rounds of hybridization with the appropriate repeat oligonucleotide bound to a new piece 
of nucleic acid transfer membrane. 
(i) Transformation of competent bacterial cells 
The plasmid containing the genomic DNA fragment was introduced into competent E. coli 
cells (JM 109) according to the Promega kit protocol. Competent cells were defrosted on 
ice for five minutes and 50 µl was then added to 3 µl of each ligation and gently mixed. 
This was left on ice for 20 minutes, heat shocked in a 42°C water bath for exactly 45 
seconds and then returned to ice for two minutes. SOC medium (950 µl) was added to 
each tube followed by a 90 minute agitated incubation (shaken at 150 revolutions per 
minute) at 37°C. 
Y) Growth of bacterial colonies 
Agar (containing S-Gal) was autoclaved for 15 minutes at 121 °C and 1 ml of 100 mg/ml 
ampicillin was added prior to pouring the plates. 
Aliquots of transformed cells (100 µl and 
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50 µl) were spread onto the freshly made agar plates and incubated overnight at 37°C. 
Bacteria reproduce by cellular division which produces clones of the original cell. The 
number of cells increases exponentially, and with a short generation time of around 20 
minutes, bacterial colonies quickly grow thereby producing many copies of the plasmid 
containing the DNA fragment of interest. 
The plasmid vector contains an ampicillin resistance gene so that only competent cells that 
have successfully taken up the plasmid can survive and produce colonies. In order to 
select for colonies that not only have the vector but have vectors containing genomic DNA 
inserts, the breakdown of S-Gal in the media is used as an indicator. The vector contains 
DNA encoding the first 146 amino acids of the ß-galactosidase gene. Within this coding 
section is the multiple cloning site where the DNA insert was cloned. Appropriate host 
cells contain the rest of the ß-galactosidase gene and when the vector (with no insert DNA) 
is expressed within an appropriate host cell, the entire ß-galactosidase gene is expressed 
and the enzyme is active. When the vector contains an insert in the multiple cloning site, 
the vector encoded part of the ß-galactosidase enzyme is not capable of becoming part of 
the active enzyme and the resulting bacterial colonies have no ß-galactosidase activity. 
Host cells containing vector with no DNA insert produce active ß-galactosidase which acts 
on S-Gal contained in the agar and turns the bacterial colony black. Host cells containing 
vectors which have an insert in the multiple cloning site cannot produce active ß- 
galactosidase and therefore cannot breakdown the S-Gal contained in the agar and the 
colony remains white. White colonies were removed from agar plates using sterile pipette 
tips and placed into 40 µl 10 mM Tris in 96-welled PCR plates. 
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(k) PCR to check that selected colonies contain the DNA inserts 
Clones were screened for repetitive motifs using a three primer PCR method (Gardener et 
al. 1999; Lunt et al. 1999). Cells were lysed at 95°C for five minutes in order to release 
the plasmids. The 11 µl PCR consisted of 1 µl lysed cells, 0.3 units Taq DNA polymerase 
(BIOTAQ) with 1.1 µl of the relevant IOx NH4 reaction buffer, 2 mM MgC12,0.73 mM 
dNTPs and 0.18 µM of each primer. The PCR conditions were 94°C for five minutes, 
followed by 25 cycles of 94°C for 45 seconds, 60°C for 45 seconds and 72°C for one 
minute and 30 seconds. Following the last cycle there was a prolonged extension step of 
72°C for ten minutes. 
The PCR used three primers, the S4 and S 15 primers that anneal to the vector and then the 
appropriate repeat primer (Table. 3.8). DNA from bacterial colonies that did contain the 
insert amplified two products, whilst DNA from colonies that did not contain the insert 
amplified only one product (produced from the S4 and S 15 primers). PCR products were 
run on 1% agarose gels and stained using ethidium bromide. 
Primer Sequence (5' - 3') Notes 
S4 (forward) TAA TAC GAC TCA CTA TAG GG T7 promoter primer - binds to the 
vector and used is all PCR 
reactions. 
S15 (reverse) TCA CAC AGG AAA CAG CTA TGA C M13 reverse sequencing primer - 
binds to the vector and used in all 
PCR reactions. 
AC PCR 10 ACA CAC ACA CAC ACA CAC AC for use with all AC probes 
AAC PCR 8 AAC AAC AAC AAC AAC AAC AAC AAC for use with AAC probe 
AG PCR 10 AGA GAG AGA GAG AGA GAG AG for use with AG probe 
S6 AAA GAA AGA AAG AAA GAA AGA AAG for use with AAA G probe 
S7 GGC TGG CTG GCT GGC TGG CTG GCT for use with GGC T probe 
S8 AAT AAT AAT AAT AAT AAT AAT AAT for use with AAT probe 
Table 3.8 PCR primers used in two and three primer reactions to check that selected 
bacterial colonies contained the DNA insert. 
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Those samples with which two bands were amplified were subjected to another PCR using 
just the two vector primers, S4 and S15. Any samples that amplified more than one 
product in this PCR were discarded from further analysis due to non-specific amplification. 
(l) Sequencing of colonies containing the insert 
The DNA of colonies that contained inserts was amplified in a 55 µl PCR prior to 
sequencing. The ' PCR consisted of 5 µl of lysed bacterial cells, 1.5 units Taq DNA 
polymerase (BIOTAQ) with 5.5 µl of the appropriate IOx NH4 reaction buffer, 2 mM 
MgC12,0.73 mM dNTPs and 0.18 µM of each of the S4 and S 15 primers (see Table 3.8). 
The PCR conditions were the same as previously described in section 3.2.4 (k). The PCR 
products were then cleaned using a PCR purification kit (Qiagen) prior to sequencing. The 
20 µl sequencing reaction used the DYEnamicTM ET dye terminator kit from Amersham 
Biosciences and consisted of 4 µl cleaned PCR product, 3 µl sequencing reagent premix, 
5µl DYEnamicTM ET Terminator dilution buffer and 0.25 µM of either S4 or S 15 primer. 
The sequencing reaction conditions were 24 cycles of 95°C for 20 seconds, 15°C for 15 
seconds and 60°C for one minute. Methods followed the kit protocol. Each sample was 
sequenced in both directions using an automated sequencer and analysed using sequence 
analysis software (Cartographer version 1.2.6sg). 
3.2.5 Microsatellite isolation using a Random Amplified Polymorphic DNA 
(RAPD)-based method (method adapted from Ender et al. 1996) 
This method involved PCR amplification of genomic DNA using RAPD primers and 
ligating these PCR products into bacterial vectors. The ligated fragments were then tested 
in subsequent PCR reactions to check for the presence of microsatellite repeats. 
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(a) RAPD amplification of genomic DNA (laboratory work by Ms R. Mogg, Centre for 
Ecology and Hydrology, Dorset) 
E. najas genomic DNA was amplified with 20 different oligonucleotide primers (Table 
3.9), each primer producing an array of bands, using a multi-primer PCR kit. 
Primer Sequence (5' - 3') Primer Sequence (5' - 3') 
1 CAG GCC CTT C 11 CAA TCG CCG T 
2 TGC CGA GCT G 12 TCG GCG ATA G 
3 AGT CAG CCA C 13 CAG CAC CCA C 
4 AAT CGG GCT G 14 TCT GTG CTG G 
5 AGG GGT CTT G 15 TTC CGA ACC C 
6 GGT CCC TGA C 16 AGC CAG CGA A 
7 GAA ACG GGT G 17 GAC CGC TTG T 
8 GTG ACG TAG G 18 AGG TGA CCG T 
9 GGG TAA CGC C 19 CAA ACG TCG G 
10 GTG ATC GCA G 20 GTT GCG ATC C 
Table 3.9 Oligonucleotide primers used in RAPD PCR 
Aliquots of 5 µl of the RAPD PCR products were run out on 1% agarose gels and stained 
using ethidium bromide. Amplification with primers 6,7 and 8 produced the largest 
number of equally intense bands and these products were selected for ligation into the 
pGEM T-Vector. 
(b) Ligation into pGEM T- Vector and transformation of competent cells 
Linkers were ligated to the selected fragments produced from the RAPD PCR reactions 
and these were then ligated into pGEM T-vectors as previously described, see section 3.2.4 
(h). Competent cells were transformed and white colonies were selected as previously 
described, see section 3.2.4 (i) and (j). 
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(c) PCR to check for colonies containing RAPD inserts of interest 
DNA from the selected colonies was amplified as previously described (see this chapter 
section 3.2.4 (k)) using a three primer PCR (Gardener et al. 1999; Lunt et al. 1999) with 
the S4 and S 15 primers plus a repeat primer in order to select for colonies containing a 
repetitive insert. Two repeat primers were used, (AC)10 and (AG)10 . 
This PCR should 
amplify two bands if the RAPD fragment contains a complimentary repeat. Those samples 
with which two bands were amplified were subjected to another PCR using only the two 
vector primers, S4 and S 15. This PCR should produce only one band. All PCR products 
were run on 1% agarose gels and stained using ethidium bromide. Any colonies that 
appeared to contain the AC or AG repeats were sequenced as previously described, see 
section 3.2.4 (1). 
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3.3 Results 
3.3.1 Optimisation of published primers 
Several published microsatellite primers (Table 3.5) that were isolated in other 
Coenagrionids were tested with E. najas genomic DNA, using various annealing 
temperatures. GIM4 did not amplify any products, not even at the lowest temperature 
gradients. The remaining primers either amplified smears or amplified large amounts of 
non-specific product so that it was not possible to tell which bands, if any, contained the 
microsatellite. This non-specific binding did not improve as the annealing temperature 
was increased. In summary, none of the tested primers amplified a usable product in E. 
najas. 
3.3.2 Microsatellite isolation using enrichment and RAPD-based methods 
In total 3032 clones were screened and 245 clones were sequenced, 165 developed using 
the enrichment method and 80 developed using the RAPD-based method. The sequences 
were analysed using sequence analysis software (Cartographer version 1.2.6sg) for the 
presence of microsatellite repeats. With the exception of some very short mononucleotide 
repeats, the maximum number of uninterrupted repeats found in any of the sequences 
obtained was three. 
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3.4 Discussion 
3.4.1 Re-statement of aims 
This project aimed to obtain polymorphic microsatellite loci for E. najas. These loci 
would then be used in further work to answer the following questions: 
" Is heterozygosity of E. najas populations related to 137Cs contamination levels or 
internal dose rates of ionising radiation? 
" Has there been a bottleneck in the E. najas populations from the Chernobyl region? 
9 Is there gene flow between different lake populations of E. najas? 
3.4.2 Why did the published primers fail to amplify specific product? 
None of the previously published microsatellite primers amplified specific product when 
tested with E. najas DNA. This was not entirely unexpected as microsatellites have 
usually been found to be very species specific. Cross-species amplification was 
investigated in 48 bird species using eight barn swallow and six pied flycatcher 
microsatellite primer pairs (Primmer et al. 1996). In 510 out of 672 cases (76%), no 
specific product was amplified. In 162 cases, a homologous product was amplified and out 
of those, just 64 were polymorphic (Primmer et al. 1996). Only eight previously published 
microsatellite primer sets were tested with E. najas DNA in this study, so if it is assumed 
that a similar situation applies to insects as to birds, it is not surprising that none of the loci 
amplified specific product. Furthermore, the bird study revealed that in an additional 15% 
of cases, the amplified product was not polymorphic, meaning that in total, only 9% of 
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amplifications were successful polymorphic cross-species amplifications (Primmer et al. 
1996). 
The inverse relationship between the chance of a successful cross-species amplification 
and the evolutionary distance between the two species has been demonstrated in both birds 
(Primmer et al. 1996) and aphids (Wilson et al. 2004). Species which are more closely 
related are more likely to share primer sites and homologous loci. As mentioned 
previously, microsatellites are found predominantly in non-coding regions of DNA, and, 
due to the comparatively high mutation rates found in these DNA stretches, mutations will 
accumulate in the flanking regions and cross-species amplification will eventually be 
inhibited between distantly related species (Primmer et al. 1996). The published 
microsatellite primers tested in this study were isolated from I. elegans and C. mercuriale. 
These species are both in the same family as E. najas but differ at the genus level. In 
aphids, the rate of successful amplifications dropped from 82% to 59% when amplifying in 
species that differed at the genus level (Wilson et al. 2004). It therefore seems likely that 
the genetic distances between E. najas and the original isolation species are large enough 
gaps to inhibit cross-species amplification. 
3.4.3 Were any microsatellites isolated? 
The maximum number of uninterrupted repeats found in any of the sequences obtained 
was three. As mentioned earlier, the high mutation rate of microsatellites is due to 
slippage when DNA loops out and re-anneals out-of-phase (Levinson and Gutman 1987b). 
In order for microsatellite mutation via slippage to be possible, a microsatellite must 
contain enough repeat units to enable the DNA strands to re-anneal out-of phase after a 
loop has been formed. With just three repeat units, slippage would be very unlikely 
because if the parent and daughter DNA strands became separated during replication, to re- 
annealing out-of-phase would mean 
bases annealing that did not pair up, (unless just one or 
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two repeat units formed the loop which would be unlikely as this would be such a short 
stretch of DNA). Therefore a region of DNA containing just three repeats cannot 
justifiably be termed a microsatellite. 
It has been suggested that there is a minimum threshold level in terms of the number of 
repeats, below which, a microsatellite is not likely to mutate or be variable (Dettman and 
Taylor 2004). A study of the filamentous fungi Neurospora found that microsatellites 
should contain a mean number of at least 5.08 repeats and/or a maximum number of 
repeats of at least 7.7 in order for them to be variable (Dettman and Taylor 2004). Another 
study which examined slippage during PCR suggested that the threshold for the minimum 
number of microsatellite repeats is four repeats for (CA) and eight repeats for (A) 
(Shinde et al. 2003). Below these thresholds, slippage was not recorded (Shinde et al. 
2003). A study of S. cerevisiae suggested that the minimum size that a microsatellite 
needed to be in order to undergo mutation by slippage is eight nucleotides (Rose and 
Falush 1998). Analysis of the human genome found that estimated threshold sizes for 
microsatellite repeats, below which slippage is not observed, is nine repeat units for 
mononucleotides and four repeat units for di-, tri-, tetra-, penta- and hexa- nucleotides (Lai 
and Sun 2003). 
3.4.4 Why were no microsatellite loci isolated? 
No microsatellite loci were isolated despite the use of two different protocols. One reason 
for this could be problems with the experimental methods used. The enrichment technique 
used to attempt microsatellite isolation has previously been successfully in the smooth 
snake, C. austriaca (Bond et al. 2005). The method used in this study was very similar 
using the same reagents, kits, and 
laboratory. Furthermore, the method was first used on E. 
najas DNA under the supervision of 
Dr. M. Gardener, an author of the above mentioned 
smooth snake study. There 
is no obvious reason why the experimental method should 
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work when using DNA from C. austriaca and fail when using DNA from E. najas. Many 
clones gave false positives when screened particularly those selected using the GGCT 
repeat. This problem has previously been reported (Bond et al. 2005). 
A second possible reason for the failure to isolate microsatellite loci in E. najas could be 
that microsatellites in this species or class are very sparse in comparison to other animal 
groups. The author of one study successfully demonstrating cross-species amplification 
using odonate species comments on the lack of published microsatellite primers for this 
group and suggests that `repetitive DNA may occur rather infrequently in some odonate 
genomes' (Watts et al. 2004b). 
The number of microsatellites in a genome varies greatly according to which species or 
group of species are studied (Neve and Meglecz 2000). For example, birds have more than 
three times less microsatellite sequences in their genomes than humans (Primmer et al. 
1997). There are also marked differences in microsatellite abundance between different 
classes of animal within a phylum. For example, there are large numbers of microsatellite 
loci available for investigating Hymenopteran species, 75 for the honey bee Apis mellifera 
Linnaeus 1758 alone (Estoup et al. 1993), but, with the exception of the silkworm moth, 
Bombyx mori (Linnaeus 1758), for which there are 15 published loci (Reddy et al. 1999), 
no more than four loci have ever been used for population studies of a Lepidopteran 
species (Neve and Meglecz 2000). 
The difficulties of isolating microsatellite loci in the genomes of Lepidopteran species are 
well documented (Meglecz and Solignac 1998; Neve and Meglecz 2000; Zhang 2004) 
although the extent of these problems is difficult to estimate as most unsuccessful attempts 
to isolate microsatellites remain unpublished. Attempts to isolate microsatellite loci from 
six Lepidopteran species in various studies involved screening 30903 clones in total, which 
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in the end yielded just four usable microsatellites (Meglecz and Solignac 1998). This 
includes one study on Parnassius smintheus Doubleday 1847 in which 600 clones were 
screened and ten were sequenced, but no microsatellite sequences were found (Meglecz 
and Solignac 1998). This is a similar situation to the present study on E. najas in which 
3032 clones were screened and 245 were sequenced, but no microsatellites were found. 
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3.5 Conclusions 
It was not possible to obtain any polymorphic microsatellite loci for E. najas, possibly due 
to a low frequency of microsatellites in the genome. The questions originally posed in 
section 3.1.3 will not be answered using microsatellite data. Another molecular marker 
will be required to address the aims outlined previously. 
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Chapter 4 
Effects of Chernobyl-derived radionuclide contamination 
on E. najas investigated using ISSR markers 
4.1 Introduction 
The 1986 Chernobyl accident contaminated large areas of Belarus, Ukraine and Russia 
with radionuclides. The region provides an ideal site for studies of how non-human biota 
are affected by such contamination. The aim of this chapter's work is to investigate 
genetic effects of ionising radiation on populations of the red-eyed damselfly E. najas from 
the Chernobyl region using inter simple sequence repeat (ISSR) markers. 
4.1.1 ISSR markers 
There are many molecular markers which could be used to investigate DNA damage, as 
discussed in Chapter 1, sections 1.5.1 to 1.5.4. Polymerase chain reaction (PCR)-based 
methods are sensitive, cheap and convenient, enabling many samples to be screened in a 
short time period. ISSR methods use PCR to amplify multiple regions of the genome 
simultaneously which can then be visualised as bands of DNA on gels. An ISSR profile 
containing many bands can be produced for each individual specimen providing high 
chances of observing variability between individuals (Bonnet and Branchard 2001). It is 
also possible to investigate parent/offspring relationships as any DNA bands present in the 
offspring profile should also be present in either or both of the parent profiles (Weinburg et 
al. 1997). 
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ISSR markers are similar to random amplified polymorphic DNA (RAPD) markers, xvith 
the exception that ISSR primers are themselves short repetitive oligonucleotides (for an 
explanation of RAPD markers see Chapter 1 section 1.5.4 (a)). The repetitive nature of the 
primers means that the only regions of the genome to be amplified will be those which 
occur between repetitive stretches of DNA. No previous knowledge of the DNA sequence 
is required (unlike in the case of microsatellites) and the DNA profiles generated using 
ISSR markers are reproducible and reliable (Bomet and Branchard 2001). ISSR markers 
are quick, cheap and easy to use but are dominant, meaning that heterozygotes and 
homozygotes cannot be distinguished (Bornet and Branchard 2001; Atienzar and Jha 
2006). This is a disadvantage as heterozygosity can be used as an indicator of genetic 
fitness (Coltman et al. 1998). 
4.1.2 Previous uses of ISSR markers 
ISSR markers have been used mainly on plants to investigate mating systems and genetic 
diversity of a variety of species. ISSR markers were used to assess genetic diversity of 
wild populations of Cycas guizhouensis Lan & R. F. Zou 1983 (Cycadaceae) (Xiao et al. 
2004), Asparagus acutifolius Linneaus 1753 (Sica et al. 2005) and Tunisian date palm 
varieties (Zehdi et al. 2004). ISSR markers have also been used to investigate mating 
systems in Viola pubescens Aiton 1789 (Violaceae) (Culley and Wolfe 2001). 
Hybridization and gene flow between two species of the flowering plant Zaluzianskya 
Schmidt were also investigated (Archibald et al. 2004). 
Although there is comparatively less published work describing the use of ISSR markers in 
animals, ISSR markers have been used in a range of invertebrate species (Chatterjee and 
Mohandas 2003; Chatterjee et al. 2004; Borba et al. 2005; Hundsdoerfer et al. 2005; Kar et 
al. 2005; Maltagliati et al. 2005). ISSR markers were used to differentiate between 20 
stocks of mulberry silkworm, BombL mori L. (Chatterjee and Mohandas 2003) and seven 
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ecotypes of the tropical tasar silkworm, Antheraea mylitta (Drury 1773) (Chatterjee et al. 
2004). A further study found high levels of intra- and inter-population variability for one 
wild and two semi-domestic populations of the Tasar silkworm (Kar et al. 2005). 
ISSR markers revealed high variability between Hawkmoths of the Hyles euphorbiae 
complex (Linnaeus 1758) (Hundsdoerfer et al. 2005). Five lines of Trichogramma 
evanescens Westwood 1833, an egg parasitoid, were also easily separated based on ISSR 
profiles, aiding the identification of the insects at the species level (Borba et al. 2005). 
ISSR markers have been used in Annelid worms to investigate genetic differences between 
individuals of the species Ophelia bicornis Savigny 1818 (Maltagliati et al. 2005). Some 
individuals possessed five nephridiopores (openings of the excretory system) whilst other 
individuals possessed six. ISSR data revealed that the two groups of individuals formed 
separate clusters supporting previous work suggesting that the species 0. bicornis should 
be split into 0. bicornis sensu stricto (six nephridiopores) and 0. barquii Fauvel 1927 (five 
nephridiopores) (Maltagliati et al. 2005). 
ISSR markers have also been used in studies of population structure of fungi (Han et al. 
2002; Wang et al. 2005) and strain identification in bacteria (Shukla et al. 2001). 
4.1.3 A previous ISSR study investigating effects of the Chernobyl accident 
Only one known set of previous studies have used ISSR markers to investigate genetic 
effects of Chernobyl-derived radionuclide contamination. ISSR markers were used in 
combination with RAPD markers to investigate families of cleanup personnel who, 
following the Chernobyl accident, emigrated to Israel (Weinburg et al. 1997). This study 
investigated 11 exposed families containing one child born prior to the Chernobyl accident 
and one born following the accident. 
Three control families \vho had moved from 
120 
uncontaminated regions of Ukraine to Israel and had not been exposed to Chernobyl- 
derived radiation were also studied. 
As mentioned previously, ISSR (or RAPD) band profiles of children should only contain 
bands also possessed by one or both biological parents. If new bands occur in ISSR 
profiles of children which are not seen in either parent, spontaneous mutations must have 
occurred. In total, ten new ISSR bands were detected in eight of the exposed families, all 
in children born following the Chernobyl accident. No new bands were detected in 
children born prior to the Chernobyl accident, or in any children of the control families. 
The authors suggest that the new bands detected in children born after the Chernobyl 
accident are the result of germline mutations caused by radioactive contamination 
(Weinburg et al. 1997). 
A later investigation by the same research group repeated the above study on 14 other 
exposed families (Weinburg et al. 1999). In total, 48 new bands were amplified in children 
born after the Chernobyl accident whilst just two new bands were amplified in children 
born before the accident (Weinburg et al. 1999). A further study investigated 41 children 
born after the Chernobyl accident, 22 siblings born before the accident and 14 unexposed 
families. It was found that there was a seven fold increase in the number of new bands 
discovered in children born after the accident compared to control groups (Weinburg et al. 
2001). The authors suggest that these results indicate that low doses of radiation can 
induce multiple changes in human germline DNA (Weinburg et al. 2001). 
4.1.4 RAPD markers and ionising radiation 
A laboratory-based study compared RAPD profiles of western mosquitofish, Gambusia 
aff»is (Baird and Girard 1853) (Theodorakis ei al. 1999) and it was found that 17 bands 
were present at a higher frequency in the fish exposed to ionising radiation compared with 
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control fish (Theodorakis and Shugart 1997). A further study of eastern mosquitofish, 
Gambusia holbrooki (Girard 1859) at the radioactively contaminated Savannah River Site 
in the USA found that the frequency of three RAPD bands was higher in fish from the 
contaminated site when compared with control fish (Theodorakis et al. 1998). 
Furthermore, southern blot analysis revealed that these three bands were homologous to 
three of the 17 bands found in the previous laboratory-based study (Theodorakis et al. 
1998). The authors suggest that these bands are `contaminant indicative' markers 
(Theodorakis et al. 1998). Further studies revealed that fish with nine of these 
`contaminant indicative' bands had improved survival rates than those fish that lacked the 
bands (Theodorakis et al. 1999). Furthermore, fish possessing five of the markers had less 
DNA strand breaks than fish that lacked them (Theodorakis et al. 1999). This 
demonstrates a link between the presence of particular RAPD bands and fitness of 
individuals surviving in contaminated environments. 
RAPD and ISSR markers amplify many regions of the genome simultaneously. However 
the total portion of the genome amplified by these markers is extremely small. It is 
therefore highly unlikely that a RAPD or ISSR study would amplify a particular region of 
the genome associated with improved survival in radioactively contaminated 
environments. Hence, despite `contaminant indicative' bands having been previously 
reported (Theodorakis et al. 1998), such bands are not expected to be found in the present 
study. 
4.1.5 Aims and objectives 
This project aims to investigate the genetic diversity of E. najas populations obtained from 
the eight lakes in the Chernobyl region. Correlations between external or internal dose 
rates of ionising radiation and ISSR band profiles will be investigated. (External dose rates 
122 
were inferred from 1 37Cs deposition figures - see Chapter 2 section 2.2.7 (a)). The 
following questions will be addressed: 
" Question 1: Are the populations of E. najas obtained from different lakes 
easily separated according to ISSR band profiles? 
9 Question 2: Is genetic distance (based on ISSR profiles) related to 137Cs 
contamination levels or internal dose rates? 
" Question 3: Is the minimum, maximum and range of bands amplified in 
individuals related to 1 37Cs levels or internal dose rates? 
" Question 4: Is the mean number of bands amplified per individual related to 
137Cs levels or internal dose rates? 
9 Question 5: Does ISSR profile composition and structure vary between lakes 
and is this related to 1 37Cs contamination levels or internal dose rates? 
The eight lakes from which E. najas specimens were obtained differ not only on the basis 
of their level of radioactive contamination, but also in terms of geographical location. It is 
hypothesised that these differences would be reflected in the ISSR band profiles obtained 
and the different lake populations of E. najas would be easily separated according to the 
ISSR profiles. 
The lakes have varying levels of 137Cs deposition and internal dose rates. It is suggested 
that increased levels of ionising radiation have caused increased mutation rates in 
contaminated lakes. It is therefore hypothesised that the genetic distance between E. najas 
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populations of two contaminated lakes would be higher than that between two clean lakes. 
The genetic distance between a contaminated lake and a clean lake is predicted also to be 
higher than that between two clean lakes, but lower than that between two contaminated 
lakes. Based on this hypothesis, it is also expected that band composition of ISSR profiles 
would be related to the dose rates of ionising radiation received by E. najas individuals and 
that profiles from two contaminated lakes would be more different in terms of band 
composition and structure than that from two clean lakes. It is also expected that the E. 
najas populations of two lakes located close together would be more genetically similar 
than those of two lakes located a greater distance apart. 
An increase in mutation rate caused by ionising radiation may result in either an increased 
number of bands or a decreased number of bands being amplified in individuals. A 
substitution, insertion or deletion (indel) in the DNA sequence may create a primer binding 
site in a region of sequence where before a primer would not bind. If this mutation became 
fixed in the germline, this would result in an increased number of bands being amplified in 
individuals. The mutation rate of microsatellite sequences is higher than other non- 
microsatellite regions of the genome (Goldstein and Schlötterer 1999). As the sequence of 
ISSR primers consist of micro satellites, the creation of new primer binding sites due to 
indels is likely to be a more frequent occurrence than if the primers consisted of random 
oligonucleotide sequences. Conversely, a substitution or indel at an existing primer 
binding site may mean that a primer could no longer bind resulting in fewer bands being 
amplified in an individual. Also, an indel in a region between two primers would cause a 
band to be amplified which was either larger or smaller than the original band. Once fixed 
in the gennline, this would cause an increase in band number in individuals. 
It is possible that dose rates of ionising radiation could be correlated with minimum band 
number, maximum band number, the range of bands or mean band number. Due to the 
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fact that an increased mutation rate can result in either an increase or a decrease in the 
number of bands amplified in an individual, these correlations may either be positive or 
negative in nature. If significant correlations between dose rates and band statistics were 
found, this may be indicative of differing mutation rates between lakes. However, it is also 
possible that two lakes with differing mutation rates would not have significantly different 
band statistics. As the evolutionary characteristics of the loci in question are completely 
unknown, firm conclusions could not be drawn concerning the nature of mutation rates at 
particular lakes based on band statistics. 
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4.2 Methods 
4.2.1 Sample sites and collection of E. najas specimens 
The sample sites and method of E. najas specimen collection are described in Chapter 2, 
sections 2.2.1 and 2.2.2 respectively. Over 100 specimens were collected from each lake 
with the exception of Svyatskoye #5 from which only 51 specimens could be collected. 
The eight lakes ranged in 137Cs contamination from the highly contaminated Glubokoye 
Lake (37000 kBqm-2) to the relatively unaffected Dvorische lake (100 kBqm-2). Collected 
specimens were preserved in 96% ethanol. 
4.2.2 DNA extraction 
All reagents, solutions and equipment used in this method are previously listed in Chapter 
3, Tables 3.2,3.3 and 3.4. A chelex-based DNA extraction method was used for all 720 
specimens (96 from each lake, except from Svyatskoye #5 from which there was only 48 
specimens). The DNA extraction method is described in Chapter 3, section 3.2.2. 
4.2.3 Production of ISSR profiles using silver stained acrylamide gels 
Eight ISSR primers were selected from University of British Columbia's Primer set #9 
(811,834,841,848,856,857,888 and 891) for preliminary testing, see details below. 
811: 5' GAG AGA GAG AGA GAG AC 3' 
834: 5' AGA GAG AGA GAG AGA GYT 3' 
841: 5' GAG AGA GAG AGA GAG AYC 3' 
848: 5' CAC ACA CAC ACA CAC ARG 3' 
856: 5' ACA CAC ACA CAC ACA CYA 3' 
857: 5' ACA CAC ACA CAC ACA CYG 3' 
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888: 5' BDB CAC ACA CAC ACA CA 3' 
891: 5' HVH TGT GTG TGT GTG TG 3' 
Single letter abbreviations for mixed based positions: B=C, G or T; D=A, G or T; H 
=A, CorT; R=A or G; V= A, C or G; Y=C or T. 
The 10 µl PCR reactions consisted of 1 µl genomic DNA (diluted 1: 25), 0.2 units Taq 
DNA polymerase (BIOTAQ) with 0.7 µl of the appropriate l Ox NH4 reaction buffer, 2 mM 
MgC12,1 mM dNTPs and 0.2 µM ISSR primer. The PCR conditions consisted of 30 
cycles of 94°C for one minute, 55°C for two minutes and 72°C for 40 seconds followed by 
a final extension step of 72°C for five minutes. Products were run on 6% acrylamide gels 
and stained with silver nitrate. 
A previous ISSR study on plants found that primers 888 and 891 produced the highest 
number of clear bands (Bond et al. 2002). This was also the case when the eight primers 
were tested with E. najas DNA. Primers 888 and 891 were therefore selected for use in the 
full ISSR study. 
All 720 E. najas DNA extractions were screened with ISSR primers 888 and 891 using the 
PCR reagents and conditions described above. All PCR products generated using primers 
888 and 891 were run on 6% acrylamide gels for two hours and 20 minutes and two hours 
and 30 minutes respectively at 70 watts followed by silver nitrate staining. Bands were 
scored manually using a light box. The data consisted of a binary matrix of individuals by 
bands and used a simple presence/absence method of recording. Bands which were present 
were recorded as a`1' and bands which were absent were recorded as a '0'. 
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All amplifications were repeated at least once. The vast majority of bands visible were 
present in both reactions for an individual. Any bands which only appeared in one of the 
reactions for an individual were not scored. 
4.2.4 Data analysis 
In order to investigate relationships between dose rates and ISSR band profiles, a number 
of approaches were used. Firstly, non-metric multi-dimensional scaling (MDS) was used 
to assess the dissimilarity of ISSR profiles between individuals. Secondly, Mantel tests 
were used to investigate associations between genetic distances, geographical distances 
between lakes and dose rates of ionising radiation. Spearman rank, Pearson correlation 
tests and a one-way ANOVA were used to investigate correlations between numbers of 
bands and dose rates of ionising radiation. Cluster analysis was used to investigate 
differences in band composition between lakes. Shannon's and Simpson's diversity 
indices were used to investigate band structure of ISSR profiles. 
(a) Genetic dissimilarity of E. najas individuals between and within lakes 
When calculating a measure of similarity between specimens based on ISSR band profile 
data, it is important to use a coefficient which does not take into account shared band 
absences (Black 1997). Band absences may have various causes such as the loss of a 
primer annealing site due to mutation, or the presence of insertions or deletions in the 
fragment between two primer sites. Therefore it is unlikely that the absence of a band in 
two different specimens arose from the same mutation. This means that the inclusion of 
shared band absences in calculations of similarity may overestimate the relatedness of 
individuals (Black 1997). 
A dissimilarity matrix of all individuals by all individuals was constructed using the ISSR 
band profile data. Genetic distance was calculated between each pair of individuals using 
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Nei and Li's band matching similarity coefficient (Nei and Li 1979). This coefficient only 
takes into account shared bands and does not include shared band absences (Equation 4.1). 
N= 
2a 
(4.1) 
(a+b)+(a+c) 
where N= similarity between two individuals A and B, a= the number of bands present in 
both individuals A and B, b= the number of bands present in individual A but absent in 
individual B, c= the number of bands present in individual B but absent in individual A 
(Nei and Li 1979). Genetic dissimilarity (or genetic distance) was calculated as 1- 
similarity. 
The computer programme used to calculate dissimilarity between all pairs of individuals 
was ! WXDL (Vera S. Ford, University of California, Davis, California, USA) supplied by 
Prof. T. M. Culley, Ohio State University (pers. comm. 2006). 
The dissimilarity matrix was then represented as an MDS plot in which all individuals 
were positioned in two-dimensional space indicating the extent of dissimilarity between 
specimens. MDS plots were created using PRIMER 5 (Clarke and Gorley 2001). 
Non-metric MDS configures all samples in a specified number of dimensions in a way 
which attempts to satisfy all of the conditions imposed by the ranked data in the similarity 
or dissimilarity matrix. For example, if sample A has a higher similarity to sample B than 
to sample C, then sample A will be placed closer to sample B than it will to sample C on 
the resulting MDS plot. The PRIMER 5 package uses Kruskal's non-metric MDS 
procedure (Kruskal 1964; Kruskal and Wish 1978). Once the samples have initially been 
configured into the specified number of dimensions, a measure of how successfully the 
MDS plot represents the real data in the matrix is calculated. This measure is termed the 
stress value. The programme then alters the original configuration of samples in an 
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attempt to plot the points in a way which better reflects the similarity or dissimilarity 
matrix in order to reduce the stress value. This cycle continues for 100 restarts until 
adjustment of the points leads to no further decrease in the stress value (Clarke and 
Warwick 2001). 
Stress values of <0.1 indicate that the plot gives a good representation of the data and there 
is no real possibility of misinterpretation. Stress values of 0.1-0.2 indicate that the plot still 
gives a potentially useful picture although not too much reliance should be placed on the 
details of the plot. Stress values of >0.2 indicate that the plot should be treated with 
scepticism whilst stress values of >0.3 indicate that the points are close to being randomly 
placed in two dimensional space. High stress values can be reduced by creating a three 
dimensional plot (Clarke and Warwick 2001). 
(b) Genetic dissimilarity between E. najas populations 
Following visualisation of the data using MDS plots, an ANOSIM test (analysis of 
similarities) was used to test for differences between lake groups using a non-parametric 
permutation procedure applied to rank values of the dissimilarity matrix (Equation 4.2) 
using PRIMER 5 (Clarke and Warwick 2001). 
) 
R= 
(r- r) 
1M 
2 
(4.2) 
where r,,. = the average of all rank similarities among replicates within lake groups, rB= 
the average of rank similarities arising from all pairs of replicates between different lake 
groups and M= n(i7-1)/2 where n is the total number of individuals (Clarke and Warwick 
2001). 
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The resulting global R value is always within the range (-1,1). In reality, R will usually 
fall between 0 and 1 indicating some degree of separation between groups (if R=1 then all 
replicates within groups are more similar to each other than any replicates from different 
groups, if R=0 then similarities between and within groups are the same on average). R 
values between -1 and 0 are not likely as this would indicate that similarities across groups 
being higher than similarities between groups (Clarke and Warwick 2001). 
Following the calculation of a global R value, the statistic is recomputed using a 
permutation-based method during which the labels identifying which replicates belong to 
which lake group are randomly rearranged. If the null hypothesis is correct and there are 
really no differences between lakes, then re-computing the R statistic with sample labels 
having been randomly reassigned to replicates will make little difference to R. Finally the 
observed R statistic is compared to the permutation distribution in order to ascertain a 
significance level. If the observed R value does not lie within this distribution then there is 
evidence to reject the null hypothesis (Clarke and Warwick 2001). 
If the global R value shows a significant difference between groups, subsequent pairwise 
ANOSIM tests can show which of the groups are different from which. R statistics and P 
values are calculated in the same way as described above using only the data from the two 
groups in the pairwise comparison. 
(c) Associations between geographical distances between lakes, dose rates of ionising 
radiation and genetic distance 
A Mantel test is a nonparametric test which estimates the degree of association between 
two dissimilarity matrices and tests whether or not this association is stronger than would 
be expected by chance using a bootstrap method (Sokal and Rohlf 1995). The null 
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hypothesis for a Mantel test states that there is no association between the elements in the 
two dissimilarity matrices. 
The construction of a dissimilarity matrix for the eight lakes investigated in this study, (for 
example, pairwise geographical distances between all of the lakes) generates 28 pairwise 
differences. This would make it appear that n has risen from eight to 28 and therefore any 
statistical test (e. g. correlation) has become accordingly stronger. In practise the degrees of 
freedom have been reduced making correlation of the matrices invalid. A bootstrap 
method is therefore required to test for significance. Hence the Mantel test is a suitable 
test to use for tests of associations between dissimilarity matrices. 
The Mantel statistic Z is calculated using Equation 4.3. 
n-1 n 
z= 
jYx, 
j lj 
i-1 j=i+l 
(4.3) 
where Xj and Y; ý are elements of the two distance matrices X and Y respectively (Sokal and 
Rohlf 1995). 
The significance of the Z statistic is then calculated by carrying out a randomisation test. 
The elements in one of the matrices are randomly rearranged and Z is recalculated. This 
occurs five thousand times and generates a distribution of randomised Z values. The 
significance of the observed value of Z is calculated by noting the position of the observed 
value in the distribution of randomised Z values (Sokal and Rohlf 1995). 
The Mantel statistic Z is expressed in arbitrary units and can be difficult to interpret (Sokal 
and Rohlf 1995). Therefore the standardised Mantel coefficient (r) is usually calculated as 
well as Z (Equation 4.4). The r statistic is a correlation coefficient and the significance 
level is the same for both Z and r (Sokal and Rohlf 1995). 
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r= 
1 
(n-1) ; =l =1 
(x,, -x) (Y;; -y) 
Sr Sy 
(4.4) 
where x and y are variables measured at locations i and j and n is the number of elements in 
the distance matrices (n = m(m-1)12 for m sample locations) and s, and sl, are standard 
deviations for variables x and y (Urban 2003). 
In this study Mantel tests were used to test the associations in pairwise comparisons of 
three environmental variables (geographical distance, 137Cs deposition levels and internal 
dose rates) and two response variables (genetic distance calculated from the ISSR band 
profiles and difference in average number of bands). The first environmental variable 
matrix was geographical distance (km) between lakes. The second environmental variable 
matrix was a measure of 137Cs deposition (kBqm-2) for the lakes. In order to test for 
associations between 137Cs and geographical distance between lakes, the 137Cs matrix was 
constructed using pairwise differences in 137Cs for the lakes. This was to test the 
hypothesis that two lakes that are geographically closer together will have similar 1 37Cs 
values and lakes that are located further apart will have more different 137Cs values. In 
order to test for associations between 137Cs and genetic distance between lakes, the 
pairwise 137Cs values for lakes were summed to create the matrix. This is to test the 
hypothesis that the random mutational effects of ionising radiation on DNA will cause the 
populations of two contaminated lakes to be more genetically distant to one another than 
the populations of two clean lakes. Summing the values for each pair of lakes meant that 
two contaminated lakes generated a high pairwise value whilst two clean lakes generated a 
low pairwise value. If the difference in 137Cs had been used to generate the matrix, then 
the pairwise difference between two contaminated lakes would be small, as would the 
pairwise difference between two clean lakes. Using the summed values in the matrix 
allows differentiation between the pairwise of two contaminated lakes and the pairwise of 
two clean lakes. 
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137Cs matrices were constructed using both the original '37Cs deposition value of 37000 
kBqm-2 for Glubokoye Lake (Sansone and Voitsekhovitch 1996) and the more recently 
documented deposition value of 15500 kBqm-2 (G. V. Laptev, Ukrainian 
Hydrometeorological Institute Kiev, pers. comm. 2005). 
Internal dose rate for the lakes formed the third environmental variable matrix. As for the 
137Cs data, a matrix of pairwise differences was used to test for associations with 
geographical distance between lakes and a matrix of summed pairwise values was used to 
test for associations with genetic distance. 
The first response variable was average genetic distance between lake populations and this 
was calculated with the formula from Nei and Li (1979) using ! WAVSIML (Vera S. Ford, 
University of California, Davis, California, USA) supplied by Prof. T. M. Culley, Ohio 
State University (pers. comm. 2006). This software produces a similarity measure which is 
converted to a distance measure as (1-similarity). As previously mentioned, Nei and Li's 
genetic distances are calculated without taking into account shared band absences (Nei and 
Li 1979). 
The mean number of bands found in individuals at each lake was also calculated and a 
matrix was produced of the difference in mean number of bands between lakes. All 
Mantel tests were performed using unlogged, semi and fully logged data (due to some data 
sets ranging across two orders of magnitude) with the exception of difference in mean 
number of bands which were not logged. Only the most relevant r and P value are 
presented for each association between variables (i. e. if significant associations were 
found, the r value closest to zero and the highest P value were reported whilst for non- 
significant results, the r value furthest from zero and the lowest P value were reported). 
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(d) Correlations between band statistics and dose rates 
Spearman rank tests and Pearson correlation coefficients were calculated to quantify the 
relationships between dose rates and band statistics (minimum number of bands found in 
an individual, maximum number of bands found in an individual, the range of bands found 
(calculated as maximum number of bands - the minimum number of bands) and the mean 
number of bands found at each lake). 
The mean number of bands found in individuals from a lake is unaffected by sample size. 
However, the minimum and maximum number of bands (and therefore the range of bands) 
is affected by sample size. The larger the sample size, the more likely it is to find an 
`unusual' individual which has very few or very many bands, pushing the upper and lower 
limits of the number of bands further apart. Therefore a bootstrapping method was used to 
randomly resample a particular number of individuals in order to make the band statistics 
for each lake directly comparable. 
A one-way ANOVA and subsequent Tukey tests were used to investigate the differences in 
mean band number found in the lakes. 
(e) Comparisons of band composition and structure between lakes 
In order to investigate the similarities or differences in band composition of ISSR profiles 
from different lakes, the number of times bands were amplified in each lake was counted. 
The number of times a particular band appeared in a lake sample was expressed as a 
percentage of the total number of all band appearances in that lake. (For example, if band 
number one appeared ten times in lake A and in total 1000 band amplifications occurred in 
lake A, then band one accounted for I% of all band amplifications in lake A). 
1 -, 5 
This band composition data was then used in cluster analysis using the modified Morisita*s 
similarity index. This is a standard similarity index which takes into account relative 
frequencies. In order to compensate for different sample sizes between lakes. Morisita's 
similarity values were tested for each pairwise lake combination using a bootstrap without 
replacement method (involving 10000 bootstraps). Unweighted pair group method with 
arithmetic mean (UPGMA) methods were used to construct the dendrogram. Multi 
Variate Statistical Package (MVSP) version 3.13g was the software used for the cluster 
analysis (Kovach computing services 2003). 
In order to assess band structure, the band composition data was also analysed using 
species (i. e. band) richness, Simpson's diversity index (D) and Shannon's diversity index 
(H). Band richness is simply a count of the number band types present in a lake. 
Simpson's diversity index represents the probability that two randomly selected individuals 
in a habitat belong to the same species, or in this case, that two randomly selected bands in 
a lake are both the same band type. Simpson's index ranges from 1 (no diversity) to 0 
(infinite diversity) (Equation 4.5). 
D= 
Ini(ni 
-1) (4.5) 
N(N -1) 
where n= the total number of individuals of a particular species and N= the total number 
of individuals of all species (Simpson 1949). 
Shannon's diversity index is a measure of diversity which takes into account the number of 
species and species evenness, or in this case, the number of band types and their relative 
abundance. H is maximised when all species have the same number of individuals. If 
species have different numbers of individuals, His reduced (Equation 4.6). 
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H= -'p, In p, (4.6) 
where S= species richness and p; = the relative abundance of each species, calculated as 
the proportion of a given species to the total number of individuals in the community 
(Fowler et al. 1998). 
In order to compensate for different sample sizes between lakes, band richness, Shannon's 
and Simpson's diversity indices were tested for each pair of lakes using a bootstrap without 
replacement method (involving 10000 bootstraps). For inspection of these values, a 
bootstrap procedure with 5000 resamplings was used to adjust the band richness, 
Shannon's and Simpson's diversity values down to a common sample size (i. e. 44). 
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4.3 Results 
4.3.1 Bands scored 
Although all 720 specimens were screened using both ISSR primers, 31 DNA extractions 
failed to amplify reliable scorable band profiles and so were excluded from the analysis 
(Table 4.1). 
Lake Number of specimens which Number of specimens for 
failed to amplify scorable which ISSR bands were 
bands scored 
Clubokoye 1 95 
Perstok 5 91 
Svyatoye 433 93 
Svyatskoye #54 44 
Svyatoye #70 96 
Stoyecheye #87 89 
Oranoe 9 87 
Dvorische 2 94 
Total 31 689 
Table 4.1 Breakdown of the 31 specimens which failed to amplify scorable ISSR band 
profiles. Data was collected for 689 specimens in total. 
The profiles obtained from the two ISSR primers were combined and in total 61 bands 
were scored, band numbers 1-35 were generated from primer 888 and band numbers 36-61 
were generated from primer 891 (Fig 4.1). The binary matrix of raw data is presented in 
the Appendix. There was one private band (a band that only occurs in one lake). Band 
number 36 only appeared in one individual, Dvorische 23. 
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Fig. 4.1 ISSR profiles generated using (a) primer 888 and (b) primer 891 
from the University of British Columbia Primer set # 9. In total 61 bands 
were scored. 
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4.3.2 Genetic dissimilarity between E. najas lake populations 
An MDS plot based on genetic distances between individuals was produced but had a high 
stress value of 0.29 (Fig. 4.2). This high stress value indicates that the MDS plot does not 
adequately satisfy the constraints of the matrix and therefore caution is required when 
interpreting the plot (Clarke and Warwick 2001). In order to view the data on a plot with a 
lower stress level, a three dimensional plot was constructed (which had a stress level of 
0.23). However the three dimensional plot was even harder to interpret and no advantage 
was gained by viewing this plot. 
In an attempt to produce a more reliable plot from which deductions could be made, a 
second dissimilarity matrix and MDS plot was created based on a subset of 15 randomly 
selected individuals from each lake (Fig. 4.3). However, the stress value associated with 
this plot was still high (0.29) and so the plot should be viewed with caution. Again, 
production of a three dimensional plot did reduce the stress level (to 0.21) but was difficult 
to interpret and no advantage was gained by viewing this plot. In summary, the high stress 
values of both MDS plots prevent any reliable deductions being made. 
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An ANOSIM test revealed that there was a significant difference in dissimilarity between 
lake populations of E. najas (global R=0.137, P=0.001). Subsequent pairwise tests of 
lake populations found that all populations were significantly distinct from one another 
(P<0.05) with the exception of Oranoe x Stoyecheye #8 (R = 0.008, P=0.11) (Table 4.2). 
The highest R value was 0.44 between E. najas populations at Glubokoye and Svyatskoye 
# 5. In order to understand which of the lake populations was most different on average 
from the other populations, the pairwise R values were averaged for each of the lakes 
(Table 4.3). The E. najas population from Svyatskoye #5 was, on average, the most 
distinct from the populations of the other lakes. 
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4.3.3 Relationships between geographical distances between lakes, dose rates of 
ionising radiation and genetic distance 
Nei and Li genetic distance calculations ranged between 0.208 and 0.272 (Table 4.4). 
A Mantel test revealed that there was no significant association between 137 Cs levels and 
geographical distance between lakes (r=-0.0406, P>0.4054). There was also no significant 
association between internal dose rates and geographical distance between lakes (r=- 
0.1233, P>0.05). Essentially, the geographical positioning of a lake in relation to the other 
lakes could not be used to predict its 1 37Cs levels or internal dose rates. 
There was no significant association between 137Cs levels or internal dose rates and genetic 
distance between lakes (r=-0.0210, P>0.1 and r=0.3277, P=0.12 respectively). There was 
also no significant association between geographical distance between lakes and genetic 
distance between lakes (r=-0.1524, P>0.1). 
The Mantel tests were repeated having omitted the Glubokoye Lake data (as this lake was 
a potential outlier with respect to 1 37Cs contamination). All Mantel test results remained 
similar. 
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4.3.4 Relationships between band statistics and dose rates 
Glubokoye had the highest mean number of bands (Table 4.5). 
Lake Minimum Maximum Mean Range of 
number of number of number of bands 
bands bands bands 
Glubokoye 20 35 28.5 15 
Perstok 13 31 23.8 18 
Svyatoye #3 12 33 24.8 21 
Svyatskoye #5 14 31 22.7 17 
Svyatoye #7 16 36 27.1 20 
Stoyecheye #8 18 30 23.9 12 
Oranoe 15 31 23.4 16 
Dvorische 19 31 24.6 12 
Table 4.5 Band statistics for each of the lakes: the minimum number of bands found in any 
individual, the maximum number of bands found in any individual, the mean number of bands found in 
individuals and the range of bands found in a lake as calculated by maximum number of bands - minimum 
number of bands. 
A Mantel test revealed a weak significant negative association between geographical 
distance between lakes and difference in mean number of bands (r=-0.3169, P=0.022). 
There were no significant associations between difference in mean number of bands 
between lakes and genetic distance between lakes (r=0.2368, P>O. 1). 
Following the removal of the Glubokoye Lake data set (as a possible outlier), it was found 
that the previously significant association between geographical distance between lakes 
and difference in average number of bands became non-significant (r=-0.3673, P=0.0588). 
Spearman rank correlation tests were used to investigate relationships between dose rates 
of ionising radiation and 
band statistics. There were no significant correlations between 
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1 37Cs levels or internal dose rates and any of the band statistics (rS<0.445, P>0.05 and 
r,. <0.295, P>0.05 respectively). 
A Pearson correlation test found a strong correlation between mean number of bands and 
137Cs levels (r=0.713, P=0.047) (Fig. 4.4 a) when using the 37000 kBqm-` contamination 
figure for Glubokoye Lake (although this is not significant if logged 137Cs data is used 
(r=0.564, P=0.146)). When the 15500 kBqm-2 contamination figure is used for Glubokoye 
Lake, the correlation is still evident but loses significance with aP value of just above 0.05 
(r=0.683, P=0.062). There were no other significant correlations. 
The `Hi' leverage test (in Minitab version 14 (Minitab Ltd. )) identified Glubokoye as an 
outlier with respect to 137CS contamination level (Hi=0.99). No other data points were 
identified as exerting leverage. Therefore the Pearson correlation tests were repeated with 
the Glubokoye Lake data omitted from the analyses. The strong correlation between the 
mean number of bands and 137Cs levels was completely lost (r=-O. 104, P=0.824) (Fig. 4.4 
b). There was however a strong correlation between the minimum number of bands and 
137Cs levels (r=-0.811, P=0.027). 
Pearson correlation tests revealed no significant correlations between mean band number 
and internal dose rates. 
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with Glubokoye Lake data (using the 37000 kBqm-2 deposition value) 
and (b) without the Glubokoye Lake data. Pearson correlation test r 
and P values are shown. 
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Lakes were significantly different from each other in terms of mean number of bands 
(F7,681=30.05, P<0.001). Subsequent Tukey tests showed that Glubokoye and Svvatoye # 
7 were significantly different from the other lakes, but were not significantly different from 
each other (Fig. 4.5). Svyatskoye #5 was also significantly different from Svyatoye #3 
and Dvorische (Fig. 4.5). 
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The mean number of bands found in individuals from a lake is unaffected by sample size. 
However, the minimum and maximum number of bands (and therefore the range of bands) 
is affected by sample size. The sample size varies between the lakes (Table 4.1) and whilst 
most of the lakes had between 87 and 96 specimens, Svyatskoye #5 only had 44 band 
profiles. The data was therefore bootstrapped to produce 44 randomly selected samples 
and the minimum and maximum number of bands were recorded 1000 times. Median 
minimum and maximum values were then calculated along with new range values (Table 
4.6). 
Lake Median Median Range of bands 
minimum maximum 
number of bands number of bands 
Glubokoye 22 35 13 
Perstok 17 30 13 
Svyatoye #3 13 32 19 
Svyatskoye #5 14 31 17 
Svyatoye #7 22 34 12 
Stoyecheye #8 18 30 12 
Oranoe 16 30 14 
Dvorische 19 31 12 
Table 4.6 Band statistics for each of the lakes based on bootstrapped values of 44 
randomly selected individuals picked 1000 times. In general, the newly calculated range values 
are lower than the original values. 
Spearman rank correlation tests between band statistics and dose rates were repeated using 
the newly generated minimum, maximum and range data. There were no significant 
correlations between 
1 37Cs or internal dose rates and any of the new band statistics 
(i. S<0.417, 
P>0.05 and rs<0.333, P>0.05 respectively). Similarly, Pearson correlation tests 
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revealed no significant correlations between dose rates and any of the band statistics, either 
with or without the Glubokoye Lake data set. 
By bootstrapping the data and randomly selecting 44 individuals from each lake, much 
information is lost as the band range is reduced for many of the lakes. Therefore, 
Svyatskoye #5 was omitted from the data set and a further bootstrapping exercise 
randomly selected 87 samples (the next lowest sample size, from Oranoe lake). The 
minimum and maximum number of bands were again recorded 1000 times and median 
minimum and maximum values were calculated together with new range values. These 
new values were exactly the same as the original band statistics (Table 4.5) but with the 
omission of Svyatskoye # 5. 
Spearman rank correlation tests between dose rates and band statistics were repeated using 
the original band statistics (with the omission of Svyatskoye # 5). No significant 
correlations were found between 137Cs or internal dose rates and any of the band statistics 
(rs<0.482, P>0.05, rS<0.337, P>0.05 respectively). Similarly, Pearson correlation tests 
revealed no significant correlations between dose rates and band statistics either with or 
without the Glubokoye Lake data set. 
4.3.5 Band composition and structure comparisons 
A dendrogram based on the Morisita index, derived from band frequencies in lake samples, 
illustrates that Stoyecheye #8 and Oranoe are most similar (Fig. 4.6). Svyatoye # 3, 
Perstok, Stoyecheye # 8, Oranoe and Dvorische cluster together, within which Stoyecheye 
#8 and Oranoe fonn a sub-cluster (Fig 4.6). Svyatoye #7 and Glubokoye cluster together 
whilst Svyatskoye #5 is the most different in terms of band composition in comparison 
with the other lakes (Fig. 4.6). All lakes clustered above a Morisita's similarity value of 
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0.96 showing that overall, all lakes were similar to one another (Morisita's similarity index 
ranges from 0 (no similarity) to 1 (no difference)). 
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After adjusting for sample size, it was found that Dvorische had the highest band richness 
with 58 types of band, whilst Oranoe and Svyatskoye #5 had the lowest with 49 types of 
band (Fig 4.7 a). Oranoe a had significantly lower number of band types from all the other 
lakes at P<0.05 (except Svyatskoye # 5) whilst Svyatskoye #5 had a significantly lower 
number of band types than Dvorische, Glubokoye, Stoyecheye #8 and Svyatoye # 7. 
Svyatoye #3 had a significantly lower number of band types than Dvorische whilst there 
were no significant differences between Dvorische, Glubokoye, Perstok, Stoyecheye #8 
and Svyatoye # 7. 
Simpson's diversity calculations revealed Glubokoye Lake to have the highest diversity of 
bands with a value of 0.028 whilst Oranoe had the lowest diversity with a value of 0.034 
(Fig. 4.7 b). Glubokoye and Svyatoye #7 were significantly different from the other lakes 
in terms of band structure. 
Shannon's diversity index calculations revealed that Glubokoye had the highest diversity 
with a value of 3.67 whilst Oranoe had the lowest diversity with a value of 3.50 (Fig. 4.7 
c). The lakes formed five associated groupings, all of which overlapped with adjacent 
groupings (Fig. 4.7 c). Glubokoye was significantly different from the other lakes in terms 
of band structure (with the exception of Svyatoye # 7). 
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Fig. 4.7 ISSR profile band structure analyses (a) band richness (b) 
Simpson's diversity index (c) Shannon's diversity index. Significantly 
similar groupings for each measure are shown above bars. 
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4.4 Discussion 
4.4.1 Re-statement of aims and objectives 
The aim of this project was to investigate genetic diversity of E. najas specimens obtained 
from the eight lakes in the Chernobyl region. Any relationships between external or 
internal dose rates of ionising radiation received by E. najas larvae and the ISSR profiles 
obtained were to be investigated. The following questions were posed: 
" Question 1: Are the populations of E. najas obtained from different lakes 
easily separated according to ISSR band profiles? 
" Question 2: Is genetic distance (based on ISSR profiles) related to 137 Cs 
contamination levels or internal dose rates? 
" Question 3: Is the minimum, maximum and range of bands amplified in 
individuals related to 137Cs levels or internal dose rates? 
" Question 4: Is the mean number of bands amplified per individual related to 
137Cs levels or internal dose rates? 
9 Question 5: Does ISSR profile composition and structure vary between lakes 
and is this related to 137Cs contamination levels or internal dose rates? 
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4.4.2 Question 1. Are the populations of E. najas obtained from different lakes 
easily separated according to ISSR band profiles? 
It was hypothesised that the ISSR band profiles would differ between lakes. The ANOSIM 
indicated significant differences between the lakes (global R=0.137, P=0.001). However, 
an R value of 0.137 is low indicating that despite the figure being highly significant, the 
differentiation between lakes is small. The subsequent pairwise tests generated a range of 
generally low R values, the highest value being 0.44. Despite all but one of the pairwise R 
values being highly significant, the fact that the R values are all low confirms that any 
differentiation between lakes is limited. The averaged pairwise R values showed that 
Svyatskoye #5 was the lake that was most different from the other lakes with an average R 
value of 0.284. However, this is still a low value indicating that any difference between 
Svyatskoye #5 and the other lakes is small. 
Svyatskoye #5 lies mid-way along the 137Cs lake contamination gradient so it is probably 
not 137Cs contamination causing this lake to be different from the other lakes. 
Geographical location of Svyatskoye #5 is not likely to be the cause of this difference as it 
is closely located to three other lakes, Svyatoye # 3, Svyatoye #7 and Stoyecheye #8 (see 
Chapter 2 Fig. 2.2). It is possible that other physical or environmental variables cause 
individuals from this lake to differ from individuals in other lakes. 
In comparison with the other lakes, Svyatskoye #5 is deep for its size (Svyatskoye #5 has 
a maximum depth of 11.1 m and a surface area of 0.083 km2), see Chapter 2, Table 2.2. 
Just 51 specimens were obtained from this lake and it appeared that the population of E. 
najas at this lake was much smaller than at the other lakes. This lake was steep sided 
whilst the other lakes were much shallower. In addition, in the winter of 1998, ice covered 
the lake and caused the deoxygenation of the water which resulted in large numbers of fish 
being killed (A. V. Kudelsky. Institute of Geological Sciences, Belarus, pers. comm. 2003). 
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It may be possible that these factors can account for the E. najas from this lake being most 
different in terms of their ISSR profiles compared with that of individuals obtained from 
the other lakes. It may also be possible that an unknown, unmeasured variable may be 
responsible. 
4.4.3 Question 2: Is genetic distance (based on ISSR profiles) related to 137 Cs 
contamination levels or internal dose rates? 
It was hypothesised that due to increased mutation rates, two contaminated lakes would be 
more genetically distant than two clean lakes. However, there was no significant 
association between 137 Cs levels or internal dose rates and genetic distance between lakes. 
4.4.4 Question 3: Is the minimum, maximum and range of bands in individuals 
related to 137Cs levels or internal dose rates? 
It was hypothesised that band statistics may be correlated with 137Cs levels or internal dose 
rates. Spearman rank correlation tests revealed no significant associations between 1 37Cs 
levels or internal dose rates and any of the band statistics. 
Inclusion or exclusion of the Glubokoye Lake data set gave conflicting Pearson correlation 
results demonstrating the outlier effect of this highly contaminated lake. When all lakes 
were included in the analyses, no significant correlations were found between dose rates 
and minimum, maximum or range of bands. However, following omission of the 
Glubokoye Lake data set, a strong significant negative correlation between 137Cs and the 
minimum number of bands was found. The decrease in minimum band number may 
indicate a loss of primer binding sites due to increased mutation rates at higher 137Cs levels. 
However, this trend is lost following the inclusion of data from the highly contaminated 
Glubokoye Lake. 
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In order to better assess the nature of any relationship between minimum number of bands 
and ' 37Cs, it would be preferable to sample lakes with a 137Cs contamination level between 
those of the highly contaminated Glubokoye Lake and the next most highly contaminated 
lake, Perstok. 
4.4.5 Question 4: Is the mean number of bands per individual related to 137Cs levels 
or internal dose rates? 
It was hypothesised that the mean number of bands amplified per individual may be related 
to 137Cs contamination levels and internal dose rates. 
Spearman rank correlation test revealed no significant relationships between 1 37Cs levels or 
internal dose rates and mean number of bands. 
A Pearson correlation test revealed that 137Cs levels and the mean number of bands were 
strongly positively correlated, but this correlation was lost if the 137Cs data was logged or 
Glubokoye Lake was removed from the analysis. The high mean number of bands, 
together with the high ' 37Cs value associated with Glubokoye Lake are the cause of the 
significant positive relationship being found between (unlogged) ' 37Cs and mean number 
of bands. Glubokoye was found to be a significant outlier and a point of undue leverage. 
It is therefore suggested that the relationship found between 137CS levels and mean 
numbers of bands is not reliable. In order to better assess the relationship between mean 
number of bands and 137Cs, more lakes would need to be sampled with contamination 
levels between that of Perstok Lake (3700 kBqm-2) and Glubokoye Lake (37000 kBqm-2). 
This would either support or refute the position of the Glubokoye Lake data point. 
It is worth noting that there was a weak negative significant association between 
geographical distance between lakes and difference in mean number of bands indicating 
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that lakes that are geographically further apart have more similar mean numbers of bands 
than lakes which are located closer together. This association becomes non significant 
when the Glubokoye Lake data is removed from the analysis. It is also important to note 
that there was no significant association between geographical distance between lakes and 
' 37Cs contamination. Geographical positioning of lakes is therefore not the cause of the 
significant correlation between 137Cs and mean numbers of bands. 
Lakes were different in terms of mean band number; Glubokoye and Svyatoye #7 were 
significantly different from the remaining six lakes, but similar to one another. Glubokoye 
and Svyatoye #7 are the lakes which have the highest mean number of bands. Glubokoye 
Lake is highly contaminated (37000 kBqm-2 or 15500 kBqm-2) whilst Svyatoye #7 is 
classed as `medium' contamination (658 kBgm-2). Given the possible relationship between 
137Cs and mean number of bands, it is possible that it is 137Cs that is causing these lakes to 
have high numbers of mean bands. If this is the case, it is expected (according to the 
suggested hypothesis) that increased mutation rates in these lakes would cause them to 
differ in terms of band composition and structure (discussed below, see section 4.4.6). 
Pearson correlation tests revealed no significant correlation between internal dose rates and 
mean number of bands. 
4.4.6 Question 5: Does ISSR profile composition and structure vary between lakes 
and is this related to 137Cs contamination levels or internal dose rates? 
It was hypothesised that increased mutation rates in two contaminated lakes would cause 
these to have different ISSR profiles in terms of band composition and structure whilst two 
clean lakes would have more similar ISSR profiles in terms of band composition and 
structure. 
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Significant differences were found between lakes in terms of band composition and 
structure. Svyatskoye #5 was found to be most different from the other lakes in terms of 
band composition. This finding supports the results of the ANOSIM test which revealed 
that Svyatskoye #5 was most different on average from the other lakes in terms of 
pairwise genetic distances. Svyatskoye #5 together with Oranoe also had a significantly 
lower number of band types than the other lakes. Possible reasons as to why Svyatskoye # 
5 is most different from the other lakes have been discussed above (see section 4.4.2). 
Svyatskoye #5 was, however, not significantly different from the other lakes with respect 
to band structure. 
Glubokoye Lake and Svyatoye #7 had the highest mean number of bands in comparison to 
the other lakes. Clustering revealed that the band composition of these two lakes was 
similar. Simpson's diversity analyses revealed that these lakes were also different to the 
other lakes but similar to one another in terms of band structure. 
It was hypothesised that contaminated lakes would be different from one another in terms 
of ISSR band composition and structure. If it was the highly contaminated Glubokoye 
Lake alone that was significantly different from the other lakes in terms of band 
composition and structure then this may indicate 137Cs causing an increased mutation rate. 
However, the similarities between Glubokoye and Svyatoye #7 (a lake of medium 137CS 
contamination) indicate that it is unlikely to be 1 37Cs levels or internal dose rates that are 
causing these lakes to have high numbers of mean bands and different composition and 
structure of bands to the other lakes. Furthermore, Perstok, the second most contaminated 
lake, clusters with the majority of other lakes in terms of mean number of bands and band 
composition and structure, while according to the hypothesis, the increased mutation rate 
in this lake should make it different to the other lakes. 
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As radioactive contamination cannot explain the differences between Glubokoye and 
Svyatoye #7 from the other lakes, there may be other factors involved. With the exception 
of having a similar maximum depth, (both around 7 m) there are no particular physical or 
chemical factors which obviously account for the similarities between these lakes and their 
difference to the other lakes (see Chapter 2, Tables 2.2,2.3 and 2.4). It is possible that 
unknown, unmeasured physical or chemical factors may contribute to these lakes being 
similar to one another. 
In summary, there are significant differences across the lakes in terms of band composition 
and structure. Analyses have revealed that Svyatskoye #5 is different to the other lakes in 
terms of band composition. Also, Glubokoye and Svyatoye #7 are similar to one another 
but different from the other lakes in terms of band composition and structure. These 
differences in band composition and structure are not related to differences in 1 37Cs or 
internal dose rates and other factors may be important. 
Previous studies using ISSR markers to investigate the effects of ionising radiation (cited 
in the introduction to this Chapter) were concerned with the occurrence of between 
generation spontaneous mutations (Weinburg et al. 1997; Weinburg et al. 1999; Weinburg 
et al. 2001) and `contaminant indicative' bands (Theodorakis et al. 1998). The present 
study has investigated the diversity of ISSR profiles of individuals obtained from eight 
lake populations and analysed this in relation to ionising radiation. There are no known 
similar studies using ISSR markers to investigate the effects of ionising radiation in this 
way. It is therefore difficult to put the present study into context. 
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4.4.7 Nei and Li 's genetic distance 
Nei and Li's genetic distance figures were remarkably similar for all lake comparisons and 
ranged from 0.272 to 0.208 (i. e. the lakes were 27.2% to 20.8% different or 72.8% to 
79.2% similar) (Table 4.4). 
No significant associations were found between genetic distance and either 137CS 
contamination or internal dose rates. However, further analysis found that lakes were 
significantly different from one another in terms of mean band number and that this may 
be correlated to 137Cs levels (although further work is required to assess the reliability of 
this relationship). Furthermore, the lakes differed in terms of band composition and 
structure. Nei and Li's genetic distance failed to detect these clear differences between the 
lakes. It is therefore suggested that Nei and Li's genetic distance is not a sensitive enough 
measure to fully analyse genetic differences between groups of specimens when analysing 
data of this type. Additional more robust statistical analyses should accompany the use of 
Nei and Li's genetic distance. 
The ANOSIM pairwise R values are another measure of genetic distance and these values 
ranged from 0.008 to 0.440. Mantel tests that had previously involved the Nei and Li 
distance measure were repeated using the ANOSIM distance value. No significant 
associations were found between the ANOSIM genetic distance measure and the other 
variables. There was a strong significant association between the two genetic distance 
measures (r=0.7991, P=0.0038). Therefore despite the larger range of the ANOSIM 
values and the apparent increased differentiation between lakes, the ANOSIM genetic 
distance measure was no more informative than the Nei and Li measure. 
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4.4.8 Glubokoye Lake is an outlier 
Glubokoye is the most highly contaminated lake sampled in this study. The initial 137Cs 
contamination figure for this lake was 37000 kBqm-2 whilst a later figure suggested that 
the level of contamination was lower at 15500 kBgm-2 (see Chapter 2, section 2.6 for 
details). If the 37000 kBqm-2 is correct, Glubokoye Lake is an order of magnitude more 
highly contaminated than the second most contaminated lake, Perstok. If the lower figure 
of 15500 kBqm-2 is correct, Glubokoye Lake is still over 4 times more highly contaminated 
than Perstok Lake. A `Hi' leverage test identified Glubokoye as an outlier with respect to 
137Cs. Due to this fact, most analyses in this ISSR study have been done both with and 
without the Glubokoye data. 
Pearson correlation tests were affected by the inclusion or exclusion of the Glubokoye 
Lake data, particularly the correlations between 137CS levels and mean number of bands. 
When Glubokoye Lake was included in the analysis, a significant positive correlation was 
found between (unlogged) 137Cs and mean number of bands. When Glubokoye Lake was 
omitted, the relationship was lost and the nature of the relationship changed. 
It would be preferable to have sampled lakes with a 137Cs contamination level that lies 
between those of Glubokoye and Perstok lakes. The Chernobyl cooling pond has a 
radioactive contamination level of 19180 kBqm-2 (Smith et al. 2005) and it therefore fulfils 
this criterion (assuming that the 37000 kBgm-2 figure for Glubokoye is correct). An 
attempt at taking specimens from the cooling pond was made but no E. najas specimens 
were found. There are a few other lakes in the Chernobyl region which have radioactive 
contamination levels between those of Glubokoye and Perstok. However, these lakes are 
in a part of the Ukrainian exclusion zone which could not be accessed. It was therefore not 
possible to sample these lakes 
for this study. 
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4.4.9 ISSR analyses 
Any study which uses ISSR or RAPD techniques makes the assumption that bands of a 
similar size are homologous (Atienzar and Jha 2006). In reality it is possible that two 
bands of the same size may amplify from different regions of the genome but will appear at 
the same place on a gel. These will therefore be scored as the same allele as there is no 
way of telling that they are different without sequencing the particular products. 
4.4.10 ISSR markers in this study 
This large scale study analysed ISSR profiles from 689 individuals in total from eight lakes 
in the Chernobyl region. PCR reactions were repeated and only bands which amplified in 
both PCR reactions for an individual were scored. The annealing temperature used in this 
study was high at 55°C. (50°C is termed as a `high' annealing temperature in the 2006 
review by Atienzar and Jha). The higher the annealing temperature, the less likely there is 
to be any non-specific binding of primers reducing the possibility of spurious 
amplifications (Atienzar and Jha 2006). 
All reactions were undertaken in the same laboratory using the same PCR reagents and 
PCR machine. The use of different DNA polymerases and PCR machines can influence 
RAPD profiles (Atienzar and Jha 2006) and therefore it is advisable to complete all 
reactions under constant conditions. This study also used acrylamide gels as opposed to 
agarose gels to separate the ISSR products. Acrylamide gels are more sensitive than 
agarose gels enabling bands of a similar size to be distinguished. Only strongly amplified 
bands which were clearly visible were scored and no inferences were made about the 
strengths or weaknesses of particular bands. 
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4.5 Conclusions 
The underlying hypothesis presented in this chapter suggests that E. najas larvae inhabiting 
lakes contaminated with 137Cs would experience increased mutation rates. The random 
nature of these mutations would mean that the populations from two contaminated lakes 
would be more different to each other (in terms of ISSR profiles) than the populations from 
two clean lakes. This study has revealed that Svyatskoye #5 was most different from the 
other lakes in terms of genetic distance and band composition. However, this lake was 
classed as having medium levels of contamination and occupied a position midway along 
the ' 37Cs gradient examined in this study. Glubokoye and Svyatoye #7 were similar to 
one another in terms of mean number of bands, band composition and band structure, and 
different from the other lakes in these respects. Yet both of these lakes are contaminated 
with 137Cs, Glubokoye much more so than Svyatoye # 7. Furthermore, the second most 
contaminated lake, Perstok, was similar to the majority of other lakes in terms of the mean 
number of bands, band composition and band structure. This study has found no evidence 
that ' 37Cs contamination levels play a detectable role in accounting for differences between 
lakes. A similar conclusion can be drawn for the role of internal dose rates. Whilst the 
role of geography in affecting the mean number of bands remains unclear, it is suggested 
that the role of geographical distance between lakes alone cannot explain the differences 
between lakes in ISSR band profiles observed in this study. Other unknown or 
unmeasured factors may be involved. 
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4.6 Comments 
Comment 1: In section 4.1.3 an investigation using RAPD and ISSR markers is described 
which found a seven fold increase in new bands discovered in children born after the 
Chernobyl accident when compared to children born before the accident and unexposed 
families (Weinburg et al. 2001). The validity of these results has been questioned together 
with a request for a withdrawal of the claims made by the authors (Jeffreys and Dubrova 
2001). This is discussed further in the 2006 review by Atienzar and Jha. 
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Chapter 5 
Mitochondrial sequencing of E. najas from the Chernobyl region 
5.1 Introduction 
The 1986 Chernobyl accident caused the release of high levels of radionuclides into the 
surrounding areas of Belarus and Ukraine. A 30 km exclusion zone was established 
around the failed nuclear reactor which is still in place today. The region provides an ideal 
site for investigations into how the environment is affected by radioactive contamination. 
Studies of this kind are essential in order to ensure that non-human biota are adequately 
protected by current radiation protection guidelines. 
The contaminated region contains many lakes and lends itself to studies of freshwater 
biota. The aim of this Chapter's work was to investigate the effects of ionising radiation 
on populations of the red-eyed damselfly E. najas using a DNA sequencing-based method. 
5.1.1 DNA sequencing as a molecular marker 
There are many different methods that can be used to assess DNA damage, as described in 
Chapter 1, sections 1.5.1 - 1.5.4. Of all of the techniques available for use, analysing the 
sequence of nucleotides in a stretch of DNA provides the most detailed information for a 
particular genomic region. This method enables single nucleotide changes such as 
insertions, deletions (indels) and substitutions to be detected. DNA sequences have 
previously been effectively employed to analyse insect population structure, in particular to 
investigate island biogeography (Juan et al. 1995; Juan et al. 1996a; Juan et al. 1996b) and 
to assess the amount of gene flow between populations (Teglas et al. 2005). 
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5.1.2 Mitochondrial DNA (mtDNA) 
Mitochondria are cellular organelles responsible for energy production in the eukaryotic 
cell. Mitochondria contain small circular stretches of DNA which are separate from the 
DNA contained in the nucleus. Mitochondrial DNA (mtDNA) consists of 13 protein- 
coding genes, 22 transfer RNA (tRNA) genes and 2 ribosomal RNA genes. Whilst these 
genes have been detected in all eukaryotic organisms studied to date, the order of the genes 
in the mtDNA varies between different groups (Boore 1999). Mitochondrial genomes also 
contain a non-coding `control' region which is responsible for controlling replication and 
transcription (Shadel and Clayton 1997). 
The spontaneous mutation rate of mtDNA is higher than that of nuclear DNA (Richter et 
al. 1988). Naturally occurring oxidative damage to DNA bases was just 1 per 130000 
nucleotides in nuclear DNA of rat liver whilst the rate was over 16 times higher at 1 per 
8000 nucleotides in mtDNA (Richter et al. 1988). This increased mutation rate is 
attributed to the presence of reactive oxygen molecules within the mitochondria and the 
lack of histone proteins which protect the coiled DNA (Marcelino and Thilly 1999). 
Mitochondrial genomes also have underdeveloped DNA repair systems in comparison with 
nuclear DNA (Marcelino and Thilly 1999). A laboratory-based experiment found that 
80% of lesions in human colon cells induced by ionising radiation were repaired within 
two hours in nuclear DNA whilst just 25% of lesions were repaired in mtDNA in the same 
time period (May and Bohr 2000). 
Each mitochondrion contains many copies of the mitochondrial genome and each cell 
contains many mitochondria. It is therefore possible for mutant copies of mtDNA to 
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coexist alongside unaffected wild-type copies within one cell. This situation is termed 
heteroplasmy and can be tolerated by organisms without phenotypic effect. 
The high mutation rate of mtDNA and its potential for heteroplasmy make it suitable for 
use in sequencing studies. These attributes mean that mtDNA sequences are likely to 
differ between individuals of the same species and can therefore provide information about 
gene flow and relationships between individuals. 
This study sequenced a section of mtDNA containing the cytochrome c oxidase subunit I 
(COI) gene, a transfer ribonucleic acid (tRNA) and the cytochrome c oxidase subunit II 
(COII) gene. COI and COIl together with cytochrome c oxidase subunit III (COIII) 
encode the cytochrome c oxidase protein which is the terminal electron acceptor in an 
electron transport chain aiding in the synthesis of ATP. The COI region of mtDNA is 
currently the main focus of the `Barcoding of Life Data Systems (BOLD)' project which 
aims to establish a database containing COI sequences of all animal species 
(http: //www. barcodinglife. org/views/login. php). 
5.1.3 MtDNA sequencing and ionising radiation 
Laboratory-based experiments have shown that ionising radiation damages mtDNA (Singh 
et al. 1985; May and Bohr 2000; Wilding et al. 2006a). Human colon cancer cells were 
exposed to -y-irradiation causing lesions to be formed in the mtDNA (May and Bohr 2000) 
whilst X-rays damaged both isolated mtDNA and mtDNA contained within cells (Singh et 
al. 1985). An increase in damage to mtDNA was found in patients who had received 
whole body irradiation during treatment of cancer when compared with control subjects 
(Wardell et al. 2003). Increased germline mtDNA mutation rates were also found in 
people living in Kerala in India -a site containing high natural levels of radioactivity 
(Forster ct al. 2002). 
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There is just one known published study examining mtDNA mutation rates of invertebrates 
exposed to ionising radiation. Compost worms, Eisenia fetida (Savigny, 1826) were 
experimentally exposed to three levels of -y-radiation; five worms received a total dose of 
1.85 Gy at a dose rate of 1.4 mGy/h, five worms received a higher total dose of 11.22 Gy 
at a dose rate of 8.5 mGy/h and five worms formed a control group and received 
background doses of ionising radiation (Wilding et al. 2006a). It was found that worms 
exposed at the highest dose rate had significantly higher mtDNA mutation frequency than 
the control worms whilst there was no significant difference in mutation frequency 
between worms that had received the lower dose rate and control worms (Wilding et al. 
2006a). 
MtDNA mutations have also been investigated in humans who have been occupationally 
exposed to ionising radiation. Retired employees of the British Nuclear Fuel Limited 
(BNFL) Sellafield nuclear site who had received doses of >0.9 Sv over a time period of 20- 
37 years were compared with a control group of ten individuals who had received doses of 
<0.02 Sv (Wilding et al. 2006b). Although the mutation rate was higher in the exposed 
group (9.92 x 10-5 mutations/nucleotide) than the control group (8.65 x 10-5 
mutations/nucleotide) this difference was not significant (Wilding et al. 2006b). 
Ionising radiation has also been found to induce an increase in the frequency of large scale 
deletions (a 4977 bp deletion) in mtDNA of human cell lines (Prithivirajsingh et al. 2004). 
However, when the frequency of this deletion was studied in peripheral blood cells from 
individuals possibly exposed to radiation around the Semipalatinsk nuclear test site in 
Kazakhstan and those from a control group, no difference was found (Hamada et al. 2003). 
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5.1.4 MtDNA sequencing at Chernobyl 
Sequencing of mtDNA has previously been used to investigate mutation rates of voles, 
Microtus arvalis (Pallas 1778) (Baker et al. 1999) and Clethrionomys glareolzrs (Schreber 
1780) (Wickliffe et al. 2002). Each study used one exposed and one control female, each 
carrying embryos. Both studies found a marked but not significant increase in mutation 
rate in the exposed voles compared with the control voles (Wickliffe et al. 2002). The lack 
of a significant difference may be due to the low number of individuals used in both 
studies (Wickliffe et al. 2003). A further Chernobyl-based study of exposed C. glareolus 
analysed mtDNA sequences for the presence of unique substitutions not found in voles 
outside Ukraine or in other Clethrionomys spp. (Wickliffe et al. 2006). The only unique 
substitution of this kind was found in a control vole. No unique substitutions were found 
in exposed voles (Wickliffe et al. 2006). 
Tissue samples were taken from laboratory mice prior to and following a period of 
experimental enclosure at a contaminated area near Chernobyl (Wickliffe et al. 2003). The 
frequency of mutant gene copies in the pre-exposure samples (four mutants observed) and 
post-exposure samples (one mutant observed) did not significantly differ (Wickliffe et al. 
2003). 
Previous Chernobyl-based studies have investigated mtDNA mutation rates within 
individuals and have not found significant differences between exposed and control 
groups. There are no known studies using mtDNA sequence 
data to investigate the effects 
of Chernobyl-derived radionuclide contamination on populations. 
5.1.5 Aims and objectives 
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This study aims to investigate the effects of ionising radiation on E. na as populations 
using mtDNA sequence data. The following questions will be answered: 
" Question 1: Are the geographically isolated lake populations genetically 
discrete? 
" Question 2: Is there a relationship between haplotypes and radioactive 
contamination? 
0 Question 3: Is genetic distance between populations related to 137Cs 
contamination of lake sediments or internal dose rates? 
As discussed in Chapter 1 section 1.2.2, there is no evidence to suggest that E. najas 
migrate away from the lake in which they emerged. It is therefore expected that the eight 
lakes sampled in the Chernobyl region contain genetically discrete E. najas populations. It 
is also expected that individuals from lakes located closer together would be more 
genetically similar than individuals from lakes located further apart. 
High levels of radioactive contamination may cause an increase in the number of point 
mutations. It is hypothesised that the accumulation of random mutations would cause the 
populations of two contaminated lakes to be more genetically different from one another 
than the populations of two clean lakes. In this case, contaminated lakes and clean lakes 
would also be genetically different. Alternatively, high levels of radioactive contamination 
may have caused population bottlenecks in the contaminated lakes. A bottleneck would 
cause the loss of rare haplotypes leaving only dominant haplotypes in contaminated lakes. 
In the event that there is more than one dominant haplotype present in the populations, it is 
likely that two contaminated lakes would be more genetically different from one another 
than two clean lakes. This situation would contribute to a relationship between genetic 
distance and contamination levels, in which individuals from lakes with high 137Cs levels 
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or internal dose rates would be more genetically distant whilst individuals from clean lakes 
would be more genetically similar (137 Cs levels were used to infer external dose rates - see 
Chapter 2 section 2.2.7 (a)). Individuals from contaminated and clean lakes would also be 
genetically distant from one another. 
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5.2 Methods 
5.2.1 Chernobyl sample sites and collection of E. najas specimens 
The sample sites and collection of E. najas specimens are described in Chapter 2, sections 
2.2.1 and 2.2.2 respectively. Specimens were collected from eight lakes in the Chernobyl 
region which ranged in radioactive contamination from the highly contaminated 
Glubokoye Lake (37000 kBqm-2) to the relatively unaffected Dvorische Lake (100 kBgm- 
2). Collected specimens were preserved in 96% ethanol. 
5.2.2 UK sample site and collection of E. najas specimens 
E. najas specimens were collected from one sample site in the UK in order to include a 
sample of individuals from a completely separate geographical area. The UK specimens 
were collected from a fishing lake located next to Breach Plantation at Creech near 
Wareham in Dorset, grid reference SY 915 830 (Fig. 5.1). This lake is a disused clay pit, 
has no notable radionuclide contamination and is comparable to the Chernobyl lakes in all 
other ways. Kick samples were taken from the fringes of the lake and samples were sorted 
in white trays. Any E. najas specimens were taken live back to the Centre for Ecology and 
Hydrology laboratories and frozen at -70°C. In total ten specimens were collected. 
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Fig. 5.1 Sampled UK lake 
178 
5.2.3 DNA extraction 
DNA from the Chernobyl specimens had previously been extracted using a chelex-based 
method (Walsh et al. 1991) as described in Chapter 3 section 3.2.2 for use in microsatellite 
isolation (Chapter 3) and the ISSR study (Chapter 4). One DNA extract was randomly 
selected from each of the eight lakes for optimisation of the mitochondrial sequencing. 
DNA was extracted from the ten UK individuals using a simple lysis buffer consisting of 
10 mM TRIS, 1 mM EDTA and 1 mg/ml Proteinase K. The thorax of each specimen was 
removed and placed in a 1.5 ml Eppendorf containing 100 µl lysis buffer. The thorax was 
then ground up using a plastic pestle followed by an incubation for two hours at 4°C. 
5.2.4 PCR of mitochondrial cytochrome oxidase subunit I (COI) and cytochrome 
oxidase subunit II (COIL) 
The primers used to amplify the 2 kb mitochondrial DNA section were LCO1490 (Folmer 
et al. 1994) and C2N3665 (John Day, Centre for Ecology and Hydrology, Oxford, pers. 
comm. 2005) (see details below). 
LCO1490: 5' GGT CAA CAA ATC ATA AAG ATA TTG G 3' 
C2N3665: 5C CA CAA ATT TCT GAA CAT TG 3' 
The 50 µl PCR reactions consisted of 1 µl genomic DNA diluted 1 in 10,5 units Taq DNA 
polymerase (Sigma) with 5 µ1 of the appropriate reaction buffer, 0.3 units Pfu DNA 
polymerase, 1 µl dNTPs and 2 µM of each primer (see Table 5.1 for details of reagents not 
previously mentioned in Chapter 3, Table 3.2). The PCR conditions were 94°C for two 
minutes followed by five cycles of 94°C for one minute, 45°C for 30 seconds and 72°C for 
three minutes. followed by a further 30 cycles of 94°C for one minute. 50°C for 30 seconds 
and 72°C for three minutes, lastly followed by a ten minute extension step at 72°C. The 
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enzyme Pfu was used in addition to Taq as Pfu DNA polymerase has 3' - 5' exonuclease 
proofreading ability and has a high fidelity (Cline et al. 1996). This reduced the possibility 
of incorrect bases being inserted into the sequence during PCR. 
Reagent Company 
Gel extraction kit: QlAquick gel extraction kit Qiagen 
BstZ I restriction enzyme with the appropriate 10 x buffer and Promega 
bovine serum albumin (BSA) 
LB broth liquid medium Sigma-Aldrich 
Plasmid extraction kit: GenElute plasmid miniprep kit Sigma-Aldrich 
Sequencing reagents: ABI Bigdye 3.0 Applied Biosystems 
Taq DNA polymerase Sigma-Aldrich 
Pfu DNA polymerase Promega 
dNTPs (10mM mix) Promei! a 
Table 5.1 Additional reagents required for sequencing method 
The 50 µd PCR products were run on 1% agarose gels, stained with ethidium bromide and 
removed from the gel using sterile scalpels. Running the PCR products on a gel and 
cutting out the bands reduced the. possibility of non-specific amplicon being present in the 
sequencing template. PCR products were purified using a gel extraction kit (Qiagen). This 
DNA was then used in the sequencing reactions. 
5.2.5 Sequencing of mitochondrialfragments and selection of internal primers 
The 10 µl sequencing reaction consisted of 5 i1 of neat gel extracted DNA, 10 µM primer 
(either LCO1490 or C2N3665) 2 µl Big Dye reaction mix (Applied Biosystems) and 2 µl 5 
x Big Dye buffer (Applied Biosystems). The sequencing reaction conditions were 96°C 
for ten seconds followed by 35 cycles of 98°C for 30 seconds, 50°C for 15 seconds and 
60°C for four minutes. Sequencing reactions were sent to the Department of Biochemistry 
at the University of Oxford for cleaning and sequence analysis. 
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The mtDNA region sequenced was over 2 kb in length. There are difficulties in obtaining 
good quality sequence for such a long section of DNA and therefore following analysis of 
the first few sequences generated using the LCO1490 and C2N3665 primers, eight internal 
primers were designed. These primers were tested and the two internal primers that 
generated the best sequence data for the central section of the mtDNA fragment were 
selected for use (see details below). 
Internal primer J1968: 5' TAC TAT TAA CAT AAA ATC CCC AGG 3' 
Internal primer N3130: 5' ATT GGG GAA GCT GCT TCT TGA AAA C 3' 
5.2.6 Collection of sequence data 
Ten specimens from each of the nine lakes were selected for mitochondrial sequencing and 
DNA from these specimens was amplified with two primers, LCO1490 and C2N3665, 
using the PCR reagents and reaction conditions described above in section 5.2.4. The PCR 
products were then run on 1% agarose gels and the bands were sliced out of the gels and 
purified using a gel extraction kit as described above in section 5.2.4 
All gel extractions were then sequenced with four primers (LCO 1490, C2N3665, J1968 
and N3130) using the sequencing reagents and reaction conditions described above in 
section 5.2.5. Fig. 5.2 shows the relevant positions of each primer for the amplified region 
of DNA. The sequencing reactions were cleaned and sequenced by the Department of 
Biochemistry at the University of Oxford. The sequences obtained from the four primers 
were edited in Chromas, version 2.31 (Technelysium Pty Ltd 1998-2005) and contigs were 
made for each of the individuals in Sequencher version 4.6 (Gene Codes Corporation 
1991-2006). Any sequences that failed to produce readable sequence data were repeated 
for a maximum of four times in order to obtained good data. 
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5.2.7 COI-COII complete sequence determination 
Due to the nature of the sequencing chemistry a range of bases immediately after the 3' end 
of the primer are lost and a, sequence chromatogram usually begins 10-50 bp downstream 
of the terminal 3' primer position. Thus, edited sequences which were produced using the 
LCO1490 and C2N3665 primers lacked the initial few nucleotides. In order to obtain a 
complete sequence which included the LCO1490 and C2N3665 primer sequences, one of 
the cleaned 2 kb DNA fragments was cloned into a plasmid (see Chapter 3, section 3.2.4 
(h), (i) and (j) for details of the methods). 
White recombinant bacterial colonies were removed from the agar plates using sterile 
pipette tips, placed into 5 ml of LB broth and grown overnight, in a shaking incubator at 
37°C. The pipette tips were then removed using sterile forceps and samples were 
centrifuged at 4000 rpm for ten minutes. The supernatant was removed and the plasmids 
were then extracted using a plasmid extraction kit (Qiagen). Plasmid extractions were 
eluted into 60 µl of sterile distilled water. A 15 µl restriction endonuclease digest was then 
incubated for four hours at 50°C consisting of 3 µl of plasmid DNA, 5 units of BstZ I 
enzyme, 1.5 pl of the appropriate 10 x buffer and 0.15 pl of bovine serum albumin (BSA). 
The purpose of this restriction digest was to ensure that the plasmids extracted contained 2 
kb DNA fragments. Assuming no internal digests sites are present in the insert, the 
restriction enzyme cuts the plasmid once either side of the multiple cloning region 
generating two products, a vector (3 kb) and the insert (2 kb). The restriction digest 
products were separated by size on a1% agarose gel and stained using ethidium bromide. 
Two bands of the correct size were identified. 
The plasmid DNA was then sequenced using universal M 13 forward and reverse primers 
(see over) as well as the J 1986 and N3130 internal primers. 
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Universal M13 forward: 5' GTAAAACGACGGCCAG 3' 
Universal M13 reverse: 5' CAGGAAACAGCTATGAC 3' 
The M 13 primers bind to the plasmid DNA either side of the insert ensuring that good 
quality sequence is obtained for the entire 2 kb region of interest. During sequence editing 
any plasmid DNA is cut from the sequence resulting in the full 2 kb region of interest. 
Only one 2 kb PCR product was cloned in order to obtain the initial and final few 
nucleotides of the 2 kb region. The sequence analysis involving all individuals was 
completed on the slightly shorter sequences obtained directly from PCR product. Cloning 
was not possible for all sequences due to financial constraints. 
5.2.8 Data analysis 
(a) Sequence editing 
Initial editing involved the formation of contigs and manual checking of the 
chromatograms. Degenerate nucleotides were resolved where possible. The contigs were 
exported from Sequencher into BioEdit Sequence Alignment Editor version 7.0.5.3 (Hall 
1999). Using BioEdit the sequences were aligned and cropped to a uniform length. 
Differences between the sequences were visually inspected using BioEdit and sequences 
were translated using the invertebrate mitochondrial code. 
(b) Relationships between sequences: networks and trees 
In order to investigate the relationships between individuals based on the mtDNA sequence 
data, a network diagram was produced using TCS, version 1.21 (Clement et al. 2000). 
TCS assigns identical sequences to haplotypes and calculates a distance matrix of all 
pairwise comparisons of 
haplotypes. The distance matrix then forms the basis for 
construction of a network 
diagram (Clement et al. 2000). 
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Sixteen of the nucleotide sequences obtained contained degenerate nucleotides encoding 
one of two bases. A degenerate nucleotide occurs when the sequencing process cannot 
accurately assign a single nucleotide (A, G, C or T) at a particular site; the two most likely 
nucleotides are suggested using a degenerate code. The degenerate nucleotides consisted 
of R (encoding A or G), Y (encoding C or T) and M (encoding A or Q. During the 
process of assigning sequences to identical haplotypes, TCS treats degenerate nucleotides 
as missing data. This means that when assigning a sequence to a particular haplotype, TCS 
does so ignoring the nucleotide positions at which there are degenerate bases. The 
sequences obtained contain several hypervariable nucleotide sites and it is the nucleotides 
at these sites that cause the formation of the main haplotype groups. As degenerate bases 
often occur at these hypervariable sites, it is possible that by ignoring these positions TCS 
may incorrectly assign sequences containing degenerate bases to particular haplotype 
groups. Therefore a second network diagram was produced based upon a dataset with the 
entire sequence removed for those individuals with degenerate nucleotides. 
In addition to the parsimony networks, phylogenetic trees were produced. A tree is a 
mathematical structure which models the evolutionary history of a group of sequences 
(Page and Holmes 1998). There are many different methods available for tree production 
and two of the more common methods were used in this study, neighbor joining (Saitou 
and Nei 1987) and maximum parsimony. Trees were produced using PAUP, version 4.0 
(Swofford 1999). 
Neighbor joining methods convert aligned sequences into a pairwise distance matrix which 
is then used to construct the tree (Page and Holmes 1998). The tree is formed using a 
clustering method, initially constructing a tree with a 
few sequences and sequentially 
adding the remaining sequences 
(Page and Holmes 1998). Branch lengths on the tree 
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indicate distances between sequences and the tree is constructed in a way that minimises 
the sum of the branch lengths (termed tree length) (Page and Holmes 1998). 
Maximum parsimony uses a discrete tree building method in which each nucleotide site is 
considered directly (as opposed to using pairwise distances) (Page and Holmes 1998). The 
evolution of the nucleotides at each of the sites is represented on a tree involving the 
fewest possible evolutionary changes. The resulting most parsimonious tree is the one 
which represents the least number of evolutionary changes overall (Page and Holmes 
1998). The branch lengths on a maximum parsimony tree are meaningless and this method 
may also result in a number of equally parsimonious trees. In this case a consensus tree is 
produced (Page and Holmes 1998). 
Whilst neighbor joining trees are fairly simple to construct and therefore do not need much 
computing time, maximum parsimony trees are complicated and can require large amounts 
of computing time. One disadvantage of the neighbor joining method is that the resulting 
tree may depend on the order in which the sequences were added to the tree (Page and 
Holmes 1998). In this study maximum parsimony methods were used to overcome this 
potential problem by selecting the `random additions' setting prior to constructing the 
maximum parsimony tree. As a measure of reliability, bootstrapping of 100 replicates was 
applied to both trees showing support for the branches. The higher the reported bootstrap 
values, the greater the confidence in the tree structure. The maximum parsimony tree was 
produced using heuristic methods. Trees were produced based on all sequences and also 
having excluded those individuals containing degenerate nucleotides. Trees were also 
produced based on all individuals but having excluded the degenerate nucleotide sites from 
the analysis. Trees were rooted with the UK sequences. 
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(c)Relationships between rare haplotypes and radioactive contamination 
This study investigated ten individuals from each of the Chernobyl lakes. In order to 
assess the number of rare haplotypes associated with each lake, a rare haplotype was 
defined as a haplotype occurring in 10% of individuals in a lake population (i. e. a 
haplotype occurring in one individual from a lake). Spearman rank correlation tests were 
used to investigate relationships between the number of rare haplotypes found in each lake 
population and dose rates of radiation. 
(d) Genetic distance and relationships with radioactive contamination 
Modeltest version 3.7 was used to select the most suitable model of sequence evolution for 
further data analysis (Posada and Crandall 1998). Modeltest compares 56 models and 
selects the model which best fits the data (Posada and Crandall 1998; Posada and Crandall 
2001). Modeltest selected the Tamura and Nei 1993 model (Tamura and Nei 1993) with 
no invariant sites and assuming equal rates of substitutions at all sites (i. e. with no gamma 
rate). 
The FST statistic (or fixation index) is a measure of genetic distance between populations. 
FST values were calculated using the Tamura and Nei model in Arlequin version 3.01 
(Excoffier et al. 2005). Mantel tests (Mantel 1967) were then used to test for associations 
between FST, geographical distance between lakes, 137Cs levels and internal dose rates 
using `Mantel version 2.0' software (Liedloff 1999). In order to test for associations 
between 137Cs and geographical distance between lakes, the 137Cs matrix was constructed 
using pairwise differences in 
137Cs for the lakes. This was to test the hypothesis that two 
lakes that are geographically closer together will have similar 137Cs values and lakes that 
are located further apart will have more different 
137Cs values. In order to test for 
associations between 
1 37Cs and FST, pairwise '37CS values were summed to create the 
Mantel matrix. This was to test the hypothesis that high dose rates of ionising radiation 
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may cause the accumulation of mutations or a bottleneck and therefore two contaminated 
lakes would be genetically distant, whilst two clean lakes would be genetically similar. 
Internal dose rate matrices were constructed in a similar way to the 1 37Cs matrices. Due to 
some data sets ranging across two orders of magnitude, Mantel tests were performed on 
unlogged, semi and fully logged data (with the exception of FST which was not logged). 
The 37000 kBgm-2 (Sansone and Voitsekhovitch 1996) and the 15500 kBgm-1) (G. V. 
Laptev, Ukrainian Hydrometeorological Institute Kiev, pers. comm. 2005) 131Cs 
contamination figures for Glubokoye Lake were both used. Mantel tests involved 5000 
iterations. See Chapter 4 section 4.2.4 (c) for an explanation of the Mantel test. 
For the purposes of investigating relationships between 1 37Cs levels, geographical distance 
between lakes and FST, the UK lake was assigned a1 37Cs value of 0 kBgm-2 and an internal 
dose rate of 0 µGyhr-1. In reality biota in this lake would experience some unknown 
negligible dose in the form of natural background ionising radiation. 
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5.3 Results 
5.3.1 Sequences obtained 
Reliable sequence data was obtained from all 80 specimens selected for this study from the 
Chernobyl region and seven out of the ten selected UK specimens. 
5.3.2 A full 2184 bp sequence and amino acid translation 
One of the full 2184 bp sequences obtained using the cloning method together with the 
amino acid translation is shown in Fig. 5.3. The sequence obtained was submitted to a 
Blast search and the closest sequence found was the COI and COII mtDNA region of the 
dragonfly Orthetrum triangulare melania (Selys 1883), GenBank accession number: 
AB 126005 (Yamauchi et al. 2004). 
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COI 
LCO1490___ 
-66 GG TCA ACA AAT CAT AAA GAT ATT GGT ACA CTA TAC CTA ATA TTC GGT GCA TGG GCA GGA ATA GTA GGG ACC GCC TTA 
8TNHKDI0TLYLMFOAWA0KV0TA L 
12 AGT ATG CTT ATT CGA GTA GAA CTT GGT CAA CCA GGA TCA CTT ATT GGA GAT GAT CAA ATT TAT AAT GTA GTA GTT ACT 
8MLIRVELOQPa8LI0DDQIYNVVV 
T 
90 GCA CAC GCT TTT GTT ATA ATT TTC TTT ATA GTA ATA CCA ATC ATA ATT GGT GGA TTT GGT AAC TGA TTA GTA CCC TTA 
AHAFVMIFFMVMPIMI0OF0NNLVP 
L 
168 ATA CTT GGG GCG CCA GAT ATG GCT TTC CCC CGA CTT AAT AAT ATA AGA TTT TGA CTT TTA CCA CCA GCA TTA ACA TTA 
ML0APDMAFPRLNNM8FXLLPPALT 
L 
246 CTA CTA GCA AGT AGT CTA GTA GAA AGA GGA GCA GGT ACT GGA TGA ACA GTC TAT CCG CCA TTA GCA GGC GCA ATT GCA 
LLA88LVE8QA8TOWTVYPPLA0AI A 
324 CAT GCA GGA GGA TCT GTA GAT TTA ACC ATC TTC TCA TTA CAC CTA GCA GGT GTA TCC TCA ATT TTA GGG GCA ATT AAT 
HAQ08VDLTIF8LHLAQV88ILOAI N 
J1968 b, 
402 TTT ATT ACT ACT ACT ATT AAC ATA AAA TCC CCA GGG ATA AAA ATA GAT CAA TTA CCT CTA TTC GTT TGA GCT GTG GTT 
FITTTINMKBPdMKMDQLPLFVWAV V 
480 ATT ACA GCA GTA TTA TTA TTA CTG TCA TTG CCA GTT TTA GCT GGA GCA ATC ACC ATA TTA TTA ACT OAT CGA AAT ATT 
ITAVLLLL8LPVLA0AITMLLTDRN I 
558 AAT ACA TCA TTT TTT GAC CCT GCC GGA GGG GGA GAC CCT ATT TTA TAC CAA CAT CTG TTC TGG TTC TTT GGC CAT CCA 
NTSFFDPAGOGDPILYQHLFWFFOHP 
636 GAG GTT TAC ATT TTA ATC CTA CCA GGG TTT GGT ATA ATC TCA CAT ATT ATT GCA CAA GAA AGA GGT AAA AAG GAA ACO 
EVYILILPGF0MISHIIAQESOKKHT 
714 TTT GGA GTA TTA GGA ATA ATT TAT GCT ATA ATT GCA ATT GGA ATC TTG GGA TTC GTA GTA TGA GCT CAC CAC ATA TTT 
FGVLaMIYAMIAI0IL0FVVWAHHMF 
792 ACT GTA GGA ATA GAC GTA GAT ACC CGA GCA TAC TTT ACC TCA GCA ACA ATA GTA ATT GCT GTA CCC ACA GGA ATT AAA 
TVGMDVDTRAYFTSATMVIAVPT0IK 
870 ATT TTC AGA TGG CTT GCA ACT TTA CAT GGT AGT CAA CTG AAC TAT AGT CCC TCA TTA TTA TGA GCA TTA GGA TTT GTT 
IFSWLATLHGSQLNYSPSLLWALGFV 
948 TTT CTA TTT ACT GTA GGA GGA TTA ACA GGG GTA GTT TTA GCA AAC TCA TCA ATT GAT ATT GCA ATA CAT GAC ACT TAC 
FLFTVOaLTGVVLANSSIDIAMHDTY 
1026 TAC GTC GTA GCC CAC TTC CAT TAT GTT CTC TCT ATG GGA GCA GTA TTC GCA ATC ATA GGA GGA CTA ATT CAC TGA TTC 
YVVAHFHYVLSMGAVFAIMGGLIHWF 
1104 CCT TTG TTT ACA GGA ACT ACA ATG AAT AGA CAA TTA TTA AAG GCC CAA TTT CTA ACA ATA TTT GTA GGA GTA AAC CTG 
PLFTGTTMN8QLLKAQFLTMFVGVNL 
1182 ACT TTC TTT CCG CAA CAT TTT CTA GGT TTA GCA GGA ATA CCT CGA CGA TAT TCT GAT TAC CCA GAT TCA TAT ACA GCA 
TFFPQHFLGLAGMPRRY8DYPD8YTA 
1260 TGA AAT ATT GTA TCT ACA GTA GGT AGA TCT ATC TCA ATA ATA GGG GTG ATC ATA TTA TTA TTT ATT ATC TGA GAG GCA 
WNIVSTVGSSISMMGVIMLLFIIWEA 
1338 ATA GCT TCA CAA CGA CAA GTC TTA ACT ACA AAC GCA ATG AAT ACA TCC ATT GAG TGA TAC CAA AAG ACC CCG CCG ACT 
MASQRQVLTTNAMNTSIEWYQKTPPT 
lp tRNA(L, ) 
1416 GAA CAC AGA TAC ACG GAA CTA CCA TTA ATA ATT AAA TTT TAA TGTGGCAGAAAAGTGCTATGGATTTAAGCTCCATCTATGGGGGTT 
EHSYTELPLMIKF STOP 
IN, COIL 
1503 AATCCTCCCATTAA ATG GCA ACA TGA GCA CAA TTA AGT TTT CAA GAA GCA GCT TCC CCA ATA ATA GAA CAA ATA GTA TAT 
MATWAQLSFQEAASPNMEQMVY 
f N3130 
1583 TTT CAT GAT CAT ACC ATG ATA ATT CTA CTA ATT ATT ACT GTA ATA GTA GGG TAT GTA ATG GTA TCA TTG TGT TGA AAT 
FHDHTMMILLIITVMV0YVMV8LCWN 
1661 AAG CAA TTA AAC CGA AAT TTA TTA GAC GGA CAA AAA ATT GAA ACA GCA TGA ACT GTA CTA CCA GTG TTT GTA TTA ATC 
KQLNRNLLD0QKIETAWTVLPVFVLI 
1739 ATA ATC GCA ATA CCA TCT TTA CGG TTA TTA TAT TTA ATA GAT GAA GTA AGA GAA CCA TCA ATC ACA ATA AAA ACA GTA 
MIAMPSLRLLYLMDEVSEPSITMKTV 
1817 GGA CAT CAG TGA TAC TGA AGT TAT GAA TAC TCA GAT TTT AAT CAT ATT GAA TTT GAT TCC TAT ATA GTA CCA GAA AGA 
GHQWYWSYEY8DFNHIEFDSYMVPES 
1895 GAC CTA GAA AAA GGA ATA TTT CGT TTA CTC GAA GTA GAT AAT CGA ATT GTA TTA CCT ATA CAA GCA CAA GTG CGA ATT 
DLEKOMFRLLEVDNRIVLPMQAQVRI 
1973 CTA GTA ACT GCT GCA GAT GTC CTT CAT TCA TGG ACC GTC CCA TCA CTA GGG GTT AAG GTA GAT GCT ACA CCT GGA CGA 
LVTAADVLHSWTVPSLQVKVDATP0R 
2051 ATT AAC CAA ACA AGA TTT TTT ATA AAC CGA CCC GGA TTA TTT TAT GGC CAA TGT TCA GAA ATT TGT GG 
INQT8FFMNRP0LFYOQC8EICO 
f C2N3665 
Fig. 5.3 Full nucleotide sequence and amino acid translation. The nucleotides 
of the shorter sequence obtained from all individuals are numbered 1 to 2065. 
190 
5.3.3 Nucleotide and amino acid differences between sequences 
In total there were 36 nucleotide positions along the 2065 bp sequence that varied in base 
type between specimens, 29 positions in the COI nucleotide sequence (Table 5.2) and 
seven in the COII nucleotide sequence (Table 5.3). There was also one codon absent in the 
sequence from Perstok 1 (Table 5.2). The tRNA nucleotide sequence did not vary between 
specimens. 
In the COI region, all nucleotide substitutions occurred at the third position of the codon 
with the exception of one base difference at position 189. Base variations at the third 
codon position are known as synonymous mutations and do not cause a change in the 
translated amino acid sequence due to the redundancy of the codon/amino acid codes (for 
example, codons ACT, ACC, ACA and ACG all encode threonine). 
At position 189 all sequences had aG except specimen UK 4 which had an A. This base 
change was in the first position of the codon meaning that all specimens had a GCT coding 
for an alanine residue whilst in the UK specimen the ACT codon results in a threonine. 
The missing codon in the Perstok 1 sequence is an ACT codon which encodes threonine. 
In all the other sequences there are three sequential ACT codons from bases 408-416 
whilst Perstok 1 just has two ACT codons. It is not possible to deduce which exact codon 
has been deleted in Perstok 1 as bases 408-410,411-413 or 414-416 are all ACT codons. 
However, regardless of which ACT codon has been deleted, the resultant amino acid 
sequence of Perstok 1 will be the same and Perstok 1 has one threonine absent when 
compared with the other specimens. 
In the COII all nucleotide variations between sequences occurred at the third position of 
the codon with the exception of base changes at 1757 and 1896. At position 1757, all 
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specimens have aT except UK 1,5,6 and 7 which have a C. This base is at the first 
position of the codon and all specimens have TTA codons except UK 1,5,6 and 7 which 
have CTA codon. In this case, both TTA and CTA encode leucine meaning that despite 
this base change being in the first position of the codon, the amino acid sequence remains 
unaffected. 
At base 1896, all specimens have an A whilst Svyatoye #31 has an R. An R is a 
degenerate code for an A or a G. Nucleotide 1896 occurs at the second position of the 
codon and therefore this codon in Svyatoye #31 is either a GAC or a GGC. A GAC 
would encode aspartic acid whilst a GGC would encode glycine. All other specimens have 
a GAC codon encoding aspartic acid. It is possible therefore that this nucleotide difference 
is a non-synonymous change in Svyatoye #31. However, as all other individuals contain 
a GAC encoding aspartic acid, it is likely that in reality the R nucleotide is actually an A 
and this is not a non-synonymous change. 
It must be concluded that the non-synonymous changes found in this study are not lethal 
mutations in E. najas as the larvae were alive when sampled. 
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5.3.4 Secondary structure of tRNA 
The secondary structure of the tRNA shows the location of the L2 codon (TAA) (Fig. 5.4). 
This structure is similar to other tRNA formations (Wilson et al. 2000; Yamauchi et al. 
2002). 
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Fig. 5.4 Secondary structure of the tRNA located between the COI and 
COII genes in the E. najas mtDNA genome. The L2 (Leucine) codon 
(TAA) is shown in red text. Watson-Crick and GT bonds are shown as - 
and + respectively. 
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5.3.5Are the lake populations sampled genetically discrete? 
The Chernobyl sequences formed three main haplotypes (A-C) and the UK specimens 
formed a fourth (D) (Fig. 5.5). The majority of sequences, 43 in total, were assigned to 
haplotype A with 33 of those belonging to haplotype Al. Haplotype C consisted of 29 
sequences with 18 of those being assigned to haplotype Cl. Just eight sequences were 
assigned to haplotype B with five of those assigned to haplotype B 1. The two main 
haplotypes, A and C, both contained sequences from all of the eight Chernobyl lakes. 
Haplotype B, located between haplotypes A and C, contained sequences from four of the 
lakes. With the exception of the UK specimens, it does not appear that particular 
haplotypes are confined to particular lake populations. 
Sixteen individuals contained degenerate nucleotides: five Glubokoye specimens (1,3,4,7 
and 8), five Svyatoye #3 specimens (1,3,8,9 and 10), three Svyatoye #7 specimens (5,6 
and 8), two Svyatskoye #5 specimens (3 and 9) and one Oranoe specimen (1). 
When those individuals with degenerate nucleotides are excluded from the analysis, the 
parsimony network remains similar but haplotype A9 (which consisted solely of specimen 
Svyatoye #3 1) is absent (Fig. 5.6). There are also no longer any sequences from 
Svyatoye #7 of haplotype C. However, sequences from Svyatoye #7 were still present in 
haplotypes A and B. Although the composition of haplotypes Al and Cl are slightly 
altered, it is clear that particular haplotypes are not confined to particular lake populations. 
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Fig. 5.5 Configuration of haplotypes obtained based on 2065 bp mtDNA nucleotide 
sequences of 87 E. najas individuals sequenced from nine lakes. Larger circles 
indicate that a higher number of individuals share that haplotype. The numbers located 
next to connecting branches indicate the nucleotide number at which haplotypes differ. 
The length of branches connecting haplotypes is meaningless. This configuration 
includes those individuals with degenerate nucleotides present in the sequence. 
198 
Key 
  Gh 
Pei 
F-I Sv: 
Sv 
F-I Svi. 
Stc 
F-ý On 
0 DN 
. UI 
Fig. 5.6 Configuration of haplotypes obtained based on 2065 bp mtDNA nucleotide 
sequences of 71 E. najas individuals sequenced from nine lakes. Larger circles 
indicate that a higher number of individuals share that haplotype. The numbers located 
next to connecting branches indicate the nucleotide number at which haplotypes differ. 
The length of branches connecting haplotypes is meaningless. This configuration 
excludes all individuals with degenerate nucleotides present in the sequence. 
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A neighbor-joining tree based on the total data set shows a phylogeny congruent with the 
previously described parsimony network (Fig. 5.7). With the exception of one sequence 
(Glubokoye 7) haplotype A forms a distinct Glade nested within haplotype B supported 
with a bootstrap value of 65. With the exception of two sequences (Svyatoye #39& 10), 
haplotypes A and B are separated from haplotype C with a supporting bootstrap value of 
70. It is clear from the tree that the sequences do not form a biogeographical pattern. 
When the individuals containing degenerate nucleotides are removed from the analysis, the 
separation of haplotypes is even more clearly evident (Fig. 5.8). The separation of 
haplotype A from haplotype B is supported by a bootstrap value of 77 whilst the separation 
of haplotypes A and B from haplotype C is supported with a bootstrap value of 84. The 
structure of the phylogenetic trees supports the finding that with the exception of the UK 
specimens, haplotypes are not localised within a particular lake or groups of lakes. 
It was not possible to produce a maximum parsimony tree containing all data due to 
limited computing power and time. A maximum parsimony tree was produced having 
excluded the individuals with degenerate nucleotides. However, this tree was very similar 
in structure to the neighbor joining tree and no additional information was gained by 
viewing this tree. The fact that the two trees were similar suggests that the neighbor- 
joining tree is reliable and unaffected by the potential bias resulting from the order that 
sequences are added to the tree. 
Neighbor joining and maximum parsimony trees were also produced having omitted all 
nucleotide sites containing degenerate nucleotides. This procedure removed the 
hypervariable positions and resulted in trees that were almost completely unresolved. This 
indicates the importance of the hypervariable sites in formation of the haplotypes. 
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Fig. 5.7 Neighbor-joining tree including all data. Bootstrap values 
are shown on branches. Red brackets correspond to haplotypes A, B, C 
and D as indicated previously on the network diagrams. 
201 
Dvorische: 1,6,7,8 & 10 
Glubokoye: 5,9 & 10 
GI ubokoye: 6 
4 r. -AC70 9) 
Oranoe: 2 
57 Oranoe: 5 
Oranoe: 7A 
-. 5& 10 
Stoyecheye#8: 1,2,3,4,6&8 
77 Stoyecheye # 8: 10 
Svyatoye it 3: 2 
Svyatoye # 7: 1 
Svyatoye # 7: 2,3,7 & 10 
aerstok: 6 
59 
84 
rstnk: 9 
Svyatoye # 3: 4 
Svyatoye # 3: 6B 
Svyatoye # 3: 7 
Svyatoye # 7: 4 
Svyatoye # 7: 9 
Dvorische: 2&5 
Dvorisc 
Dvorische: 9 
81 85 
Glubok 
67 I Perstok 
Oranoe: 3,4,6,8 & 10 
Perstok: 1 
Perstok: 2,3 &8 
Stoyecheye # 8: 5&9 
Stoyecheye # 8: 
Svyatoye # 3: 5 
UK: 1,5,6&7 
Ik D 
: JK: 4 
0.0005 substitutions/site 
I--ß 
C 
Fig. 5.8 Neighbor-joining tree in which individuals with degenerate 
nucleotides are omitted. Bootstrap values are shown on branches. Red 
brackets correspond to haplotypes A, B, C and D as indicated previously 
on the network diagrams. 
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Finally, examination of the composition of haplotypes at each lake clearly demonstrates 
that particular haplotypes are not confined to particular lakes and that haplotypes A and C 
predominate across the geographical range of this study (Fig. 5.9 and Fig. 5.10). 
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5.3.6 Does the composition of haplotypes vary between two contaminated lakes? 
Examination of the previously presented parsimony networks (Fig. 5.5 and 5.6) reveals 
that the three most highly contaminated lakes, Glubokoye, Perstok and Svyatoye # 3, all 
contain sequences of the two dominant haplotypes, Al and C 1. Perstok and Svyatoye #3 
also contain sequences of haplotype B I. In summary, there is no evidence that haplotype 
composition varies between contaminated lakes. 
5.3.7 Does the composition of haplotypes vary between contaminated and clean 
lakes? 
The nine lakes can be separated into three categories of 137Cs contamination (Table 5.4). 
Lake 137Cs deposition kBgm- 1 7Cs contamination category 
corrected to 06.05.86 
Glubokoye 37000a or 15500 High 
Perstok 3700 Medium 
Svyatoye #3 1748 Medium 
Svyatskoye #5 983 Medium 
Svyatoye #7 658 Medium 
Stoyecheye #8 288 Low 
Oranoe 143' Low 
Dvorische 1000 Low 
UK ND but assumed to be Low 
very low 
Table 5.4 Allocation of lakes into categories based on 137Cs contamination levels. ("'Cs 
contamination data from Smith et al. (2005) unless otherwise stated. 'data from Sansone and Voitsekhovitch 
(1996), bdata from the Ukrainian Hydro meteorological Institute, Kiev, `data from De Cort et al. (1998), ND: 
not documented). 
Specimens from all three 1 37Cs categories are present in the two main haplotypes Al and 
Cl (Fig 5.1 1). Haplotype B consists of sequences from specimens obtained from 
206 
`medium' level contamination lakes only. Haplotype D consists of specimens from 'low' 
level contamination lakes only as this haplotype consists of UK specimens alone. 
When specimens containing degenerate nucleotides are removed from the analysis 
haplotype Al still contains representatives from all three contamination categories (Fig. 
5.12). Haplotype Cl does not contain any representatives from the `high' contamination 
category. However, a related haplotype, C8 does contain one representative from this 
group. Haplotypes B and D remain as before. No relationship between population 
haplotype composition and ' 37Cs contamination levels is apparent. 
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Fig. 5.11 Configuration of haplotypes obtained based on 2065 bp mtDNA 
nucleotide sequences of 87 E. najas individuals sequenced from `high', `medium' 
and `low' contamination lakes. Larger circles indicate that a higher number of 
individuals share that haplotype. The numbers located next to connecting branches 
indicate the nucleotide number at which haplotypes differ. The length of branches 
connecting haplotypes is meaningless. This configuration includes those individuals 
with degenerate nucleotides present in the sequence. 
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Fig. 5.12 Configuration of haplotypes obtained based on 2065 bp mtDNA 
nucleotide sequences of 71 E. najas individuals sequenced from `high', `medium' 
and `low' contamination lakes. Larger circles indicate that a higher number of 
individuals share that haplotype. The numbers located next to connecting branches 
indicate the nucleotide number at which haplotypes differ. The length of branches 
connecting haplotypes is meaningless. This configuration excludes those individuals 
with degenerate nucleotides present in the sequence. 
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The nine lakes can also be categorised on the basis of internal dose rate (Table 5.5). 
Lake Internal dose rate Internal dose rate category 
(µGyhr') 
Glubokoye 1.58E-01 High 
Perstok 1.96E-01 High 
Svyatoye #36.05E-02 Medium 
Svyatskoye #59.15E-02 Medium 
Svyatoye #75.60E-03 Low 
Stoyecheye #8 2.33E-07 Low 
Oranoe 2.33E-07 Low 
Dvorische 1.14E-02 Low 
UK ND but assumed to be Low 
very low 
Table 5.5 Allocation of lakes into categories based on internal dose rates. (ND: not 
documented). 
Specimens from all three internal dose rate categories are present in the three haplotypes 
Al, BI and CI (Fig. 5.13). Haplotype D consists of specimens from `low' level 
contamination lakes only as this haplotype consists of UK specimens alone. 
When specimens containing degenerate nucleotides are removed from the analysis 
haplotype Al and BI still contains representatives from all three internal dose rate 
categories (Fig. 5.14). Haplotype Cl does not contain any representatives from the 
`medium' internal dose rate category. However, two related haplotypes, C2 and C6 are 
from the `medium' category. No relationship between population haplotype composition 
and internal dose rates is apparent. 
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Fig. 5.13 Configuration of haplotypes obtained based on 2065 bp mtDNA 
nucleotide sequences of 87 E. najas individuals sequenced from lakes with `high', 
`medium' and `low' internal dose rates. Larger circles indicate that a higher number 
of individuals share that haplotype. The numbers located next to connecting branches 
indicate the nucleotide number at which haplotypes differ. The length of branches 
connecting haplotypes is meaningless. This configuration includes those individuals 
with degenerate nucleotides present in the sequence. 
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Fig. 5.14 Configuration of haplotypes obtained based on 2065 bp mtDNA 
nucleotide sequences of 71 E. najas individuals sequenced from lakes with `high', 
`medium' and `low' internal dose rates. Larger circles indicate that a higher number 
of individuals share that haplotype. The numbers located next to connecting branches 
indicate the nucleotide number at which haplotypes differ. The length of branches 
connecting haplotypes is meaningless. This configuration excludes those individuals 
with degenerate nucleotides present in the sequence. 
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5.3.8 Does the number of rare haplotypes differ between lakes? 
The number of rare haplotypes ranged from six (from the medium contamination level 
lake, Svyatoye # 3) to two (from the uncontaminated lake Stoyecheye #8 and the highly 
contaminated Glubokoye Lake) (Table 5.6). 
Lake "Cs deposition Internal Number of Number of rare 
kBgm-2 dose rate rare haplotypes 
corrected to (pGyhr-1) haplotypes (excluding 
06.05.86 (including all individuals with 
specimens) degenerate 
nucleotides) 
Glubokoye 37000a or 15500 1.58E-01 2 2 
Perstok 3700 1.96E-01 4 4 
Svyatoye #3 1748 6.05E-02 7 5 
Svyatskoye #5 983 9.15E-02 3 2 
Svyatoye #7 658 5.60E-03 4 3 
Stoyecheye #8 288 2.33E-07 2 2 
Oranoe 143 2.33E-07 5 4 
Dvorische 100' 1.14E-02 3 3 
Table 5.6 The number of rare haplotypes per lake. (137Cs contamination data from Smith et al. 
(2005) unless otherwise stated. 'data from Sansone and Voitsekhovitch (1996), bdata from the Ukrainian 
Hydro meteorologic al Institute, Kiev, `data from De Cort et al. (1998)). 
A Spearman rank correlation test revealed no significant correlation between 1 37Cs levels 
and the number of rare haplotypes both when all specimens were included (rs=-0.048, 
P>0.05) and when specimens with degenerate nucleotides were excluded (rs=-0.025, 
P>0.05). There was also no significant correlation between internal dose rates and the 
number of rare haplotypes, both when all specimens were included in the analysis (rs=- 
0.079, P>0.05) and when specimens with degenerate nucleotides were excluded from the 
analysis (r, =0.006, P>0.05). 
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5.3.9 Genetic distance, geographical distance and radioactive contamination 
Significant differences between the UK sequences and the Chernobyl sequences were 
found (Table 5.7). The sequences obtained from Oranoe lake were also significantly 
different from those of both Svyatskoye #5 and Svyatoye #7 (Table 5.7). 
The lakes in the Chernobyl region can broadly be separated into two geographical regions, 
one to the north east of Chernobyl and one within or adjacent to the exclusion zone around 
the CNPP. The north east region contains Svyatoye # 3, Svyatskoye # 5, Svyatoye #7 and 
Stoyecheye #8 whilst the exclusion zone region contains Dvorische, Perstok, Glubokoye 
and Oranoe. When the data is pooled into these two larger populations, there is a small yet 
significant difference in FST between the areas (FST = 0.8496, P=0.02703 ± 0.0139). 
Calculation of FST yielded 12 (out of 36) negative values (Table 5.7). FST values usually 
fall between 0 (no difference between populations - complete panmixia) and 1 (maximum 
difference between populations - complete allopatry). Negative values can be generated 
when the real FST value is positive but very small and close to zero (Long 1986; Hahn et 
al. 2004). Negative FST values should therefore be interpreted as zero (Long 1986; Hahn 
et al. 2004). The negative Fs-r values generated in this study were therefore corrected to 
zero prior to the Mantel test calculations. 
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Previous analysis of the Chernobyl lake data revealed no significant association between 
geographical distance between lakes and ' 37Cs contamination levels (r=-0.0406, P>0.4054) 
(see Chapter 4 section 4.3.4). There was also no significant association between 
geographical distance between lakes and internal dose rates (r=-0.1233, P>0.05). This 
situation remains unchanged when the UK lake is included in the analysis with no 
significant association between geographical distance between lakes and 137Cs levels, (i"_- 
0.1855, P>0.3442) or internal dose rates (r=-0.3011, P>0.05). 
Mantel tests revealed a significant strong positive association between FST and 
geographical distance between lakes (r=0.9585, P=0.0032), the association becoming 
slightly weaker but remaining significant when the geographical distance data is logged 
(r=0.8486, P=0.0056). This indicates that lakes that are further apart are more genetically 
distant than lakes that are closer together. Inspection of the plotted data reveals that data 
points associated with the UK may be acting as outliers with respect to FST (Fig. 5.15 a). 
A `Hi' leverage test in Minitab version 14 (Minitab Ltd. ) revealed that five of the eight 
data points associated with the UK data exceeded a critical value of 0.111 and therefore 
were outliers exerting undue leverage with respect to FST. No other points were found to 
be outliers with respect to FST. Following removal of the UK data, the previously strong 
association between FST and geographical distance between lakes becomes weak and 
marginally non-significant (r=0.3468, P=0.0548) (Fig. 5.15 b). Removal of the UK data 
set generates a non-significant result based upon the loss of the high FST values associated 
with this geographically distant lake. 
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There was no significant association between FST and 137Cs contamination (r=-0.3567. 
P>0.0528) or internal dose rates (r=-0.3414, P>0.05). When the UK data set was omitted 
from the analyses, there was a weak significant negative association between FST and 137CS 
(when using the 37000 kBqm-2 Glubokoye Lake value) (r=-0.3040, P=0.0490). Inspection 
of the plotted data reveals that the high 137Cs level of Glubokoye Lake together with the 
low FST values associated with this lake may be driving the significant association (Fig. 
5.16 a). Logging the 137Cs data causes the association to become non-significant (r=- 
0.2968, P=0.1136) (Fig. 5.16 b). Also, when the 15500 kBgm-2 137Cs Glubokoye Lake 
value is used the association becomes non-significant (r=-0.3156, P>0.0684). When the 
UK data was omitted from the analysis, there was no significant association between FST 
and internal dose rates (r=-0.2867, P>0.05). 
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5.4 Discussion 
5.4.1 Re-statement of aims and objectives 
This study aimed to investigate the effects of ionising radiation on E. najas from the 
Chernobyl region using mtDNA sequence data. The following questions were posed: 
" Question 1: Are the geographically isolated lake populations genetically 
discrete? 
" Question 2: Is there a relationship between haplotypes and radioactive 
contamination? 
0 Question 3: Is genetic distance between populations related to 137 Cs 
contamination of lake sediments or internal dose rates? 
5.4.2 Question 1: Are the geographically isolated lake populations genetically 
discrete? 
It was hypothesised that gene flow between E. najas populations is highly restricted based 
upon behaviour and geographical isolation and therefore that each lake population is 
genetically discrete. 
Based upon parsimony networks and neighbor joining trees, (with the exception of the UK 
specimens), the lake populations were not found to be genetically discrete. The evidence 
suggests that there are high levels of gene flow between the eight Chernobyl lakes. 
Haplotypes Al and CI appear to be potential founder haplotypes from which related 
haplotypes have evolved. 
The UK lake was significantly different to all of the Chernobyl lakes in terms of genetic 
distance (FSi). This is not surprising given the relationship between geographical distance 
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between lakes and genetic distance, as the UK lake is situated over 2200 km away from the 
closest Chernobyl lake. 
Oranoe Lake was significantly different from Svyatskoye #5 and Svyatoye #7 in terms of 
genetic distance. Although the differences were statistically significant, the FST values 
were small (0.192 between Oranoe and Svyatskoye # 5; 0.283 between Oranoe and 
Svyatoye # 7). This compares with an FST value of 0.522 for the pairwise between the UK 
and Oranoe, the smallest of all of the pairwise values involving the UK. Possible reasons 
as to why these lakes were significantly different from one another are discussed below in 
the section 5.4.4. 
When the Chernobyl lakes were separated into two geographical areas, one to the north 
east of Chernobyl and one in the vicinity of the exclusion zone, the two areas were found 
to be genetically distinct. As these two areas are approximately 200 km apart, the 
significant difference is expected given the pairwise relationship between genetic distance 
and geographical distance. 
In summary, the majority (93%) of the Chernobyl lakes were not significantly different in 
terms of genetic distance. This, together with the evidence from the parsimony networks 
and neighbor joining trees suggests that there are high levels of gene flow between the 
Chernobyl lakes. The significant difference in genetic distance between the two 
geographical areas indicates that two metapopulations exist in the Chernobyl region with 
high levels of gene flow between them. 
221 
5.4.3 Question 2. Is there a relationship between haplotypes and radioactive 
contamination? 
It was hypothesised that the accumulation of point mutations would cause two 
contaminated lakes to be more genetically different from one another than two clean lakes 
and therefore to vary more in haplotype composition. It was also hypothesised that 
contaminated and clean lakes would vary more in haplotype composition than two clean 
lakes. A population bottleneck would also result in two contaminated lakes being 
genetically distant from one another and therefore vary in haplotype composition. 
Parsimony networks revealed that there was no difference in haplotype composition 
between the contaminated lakes. Furthermore, there was no significant difference in FST 
between any of the `high' or `medium' contaminated level lakes. There is no evidence to 
suggest that two contaminated lakes are more genetically distant from one another than 
two clean lakes. 
Following the categorisation of lakes into `high', `medium' and `low' 137Cs levels and 
internal dose rates, parsimony networks revealed no evidence to suggest haplotype 
composition is related to contamination levels. It is evident that contaminated and clean 
lakes do not vary in haplotype composition. 
The number of rare haplotypes was comparable across all of the lakes and there was no 
correlation between contamination levels and the number of rare haplotypes. There is no 
evidence of a population bottleneck having occurred in contaminated lakes. In summary, 
the data shows that haplotype composition is not related to ionising radiation dose rates 
and no evidence of a population bottleneck was found. The findings do not show any 
evidence of increased mutation rates in contaminated lakes and there is no evidence to 
support the suggested hypothesis. 
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5.4.4 Question 3. Is genetic distance between populations related to 13, Cs 
contamination of lake sediments or internal dose rates? 
It was hypothesised that increased mutation rates or bottlenecks in contaminated lakes 
would cause two contaminated lakes to be more genetically distant than two clean lakes. It 
was also hypothesised that a contaminated lake and a clean lake would be more genetically 
distant than two clean lakes. 
There were no significant associations between geographical distance between lakes and 
137Cs levels or internal dose rates. Essentially, the location of a lake could not be used to 
predict 137Cs contamination level or internal dose rate. 
There was no significant association between genetic distance and 137Cs or internal dose 
rates. However, following omission of the UK data set, a weak negative significant 
association was found between genetic distance and 137Cs contamination when using the 
37000 kBgm-2 137Cs Glubokoye Lake deposition value. If this association was reliable, it 
would suggest that two clean lakes were more genetically distant than two contaminated 
lakes and that two clean lakes were more genetically distant that a clean and a 
contaminated lake. This relationship was not expected and would contradict the initial 
hypothesis. However, logging of the 137Cs data causes this association to become non- 
significant. This association was also not significant when the 15500 kBqm-2 Glubokoye 
Lake value was used. It is likely therefore that the initial significant association was 
caused solely by the high 
' 37Cs value of Glubokoye Lake and is therefore not a reliable 
association. Investigation of specimens obtained from other highly contaminated lakes, 
similar to that of Glubokoye Lake, may help to clarify this situation. There were no 
significant associations between genetic distance and internal dose rates. 
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Mantel tests show a significant positive association between geographical distance between 
lakes and genetic distance. Following omission of the UK data, this association becomes 
weaker and marginally non-significant. Given that there was a significant difference in FST 
between the two geographical areas of Chernobyl region located approximately 200 km 
apart, it is suggested that association between geographical distance between lakes and 
genetic distance is reliable, despite the loss of significance following removal of the UK 
data. Further investigation of specimens obtained from regions between that of the UK 
and Chernobyl may help to confirm this association. 
In summary, the evidence suggests that radioactive contamination levels are not related to 
genetic distance (although further investigation of specimens from highly contaminated 
lakes would help to clarify this situation). There is a significant association between 
genetic distance and geographical distance between lakes. Essentially lakes that are 
located further apart are more genetically distant than lakes that are located closer together. 
This suggests that there are higher levels of gene flow between lakes that are located closer 
together than between lakes that are located further apart. Individuals are more likely to 
migrate to closer lakes than distant ones. 
Oranoe and Svyatskoye #5 and Oranoe and Svyatoye #7 were found to be genetically 
distinct in terms of FST. Although both Svyatskoye #5 and Svyatoye #7 are categorised as 
`medium' level contamination and Oranoe is categorised as `low', the difference in 
contamination levels is unlikely to be a dominant factor in accounting for genetic 
differences between the lakes. If the difference in 1 37Cs was causing these lakes to be 
genetically distinct, then it would be expected that Oranoe would also be significantly 
different from the highly contaminated Glubokoye Lake and the slightly less contaminated 
Perstok Lake. However, there is no significant difference in FST between Oranoe and 
Glubokoye or Perstok. Furthermore there was no reliable significant association between 
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genetic distance and 137Cs levels or internal dose rates. Oranoe is situated in a different 
geographical area to both Svyatskoye #5 and Svyatoye #7 which may contribute to the 
difference in FST between these lakes (see the map of sample sites in Chapter 2, Fig. 2.2). 
However, other lakes (Svyatoye #3 and Stoyecheye # 8) located close to both Svyatskoye 
#5 and Svyatoye #7 are not significantly different from Oranoe. Therefore there may be 
other factors in addition to geographical distance that are causing Oranoe and Svyatskoye # 
5 and Oranoe and Svyatoye #7 to be genetically distinct. 
As previously discussed, ISSR data revealed Svyatskoye #5 to be the lake that was most 
genetically different from all of the other lakes (see Chapter 4 section 4.3.2). Although no 
firm reason could be ascertained for this, it was suggested that the physical characteristics 
of this lake may cause it to be different from the other lakes. Svyatskoye #5 is very deep 
for its area (with a maximum depth of 11.1 m) whilst Oranoe was the smallest lake 
sampled with an average depth of just 1 m. The population density of E. najas in 
Svyatskoye #5 appeared to be lower than for the other lakes and only 48 individuals could 
be collected from this lake compared to over 100 individuals from the other lakes. In 
addition, in the winter of 1998, ice covered Svyatskoye #5 and caused the deoxygenation 
of the water which resulted in large numbers of fish being killed (A. V. Kudelsky, Institute 
of Geological Sciences, Belarus, pers. comm. 2003). It is possible that the deoxygenation 
of the lake water would have caused a population bottleneck in overwintering E. najas. 
However, the number of rare haplotypes found in Svyatskoye #5 is comparable to that of 
the other lakes and this study did not reveal any evidence of a population bottleneck. 
Examination of the lake chemistry (see Chapter 2 Table 2.3) reveals that Svyatoye #7 has 
high level of potassium ions (15 mg/1) in comparison to Svyatskoye #5 and Oranoe (3.8 
and 3.1 mg/1 respectively). Svyatskoye #5 and Svyatoye #7 also have low levels of 
calcium ions (5.2 and 9.3 mg/l respectively) compared with Oranoe (31.5 mg/1). 
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In summary, the genetic differences between Oranoe and Svyatskoye #5 and Oranoe and 
Svyatoye #7 cannot be explained by 137Cs contamination levels or internal dose rates. In 
addition to geographical distance between lakes, it may be possible that physical or 
chemical characteristics of these lakes play a role or that other unknown, unmeasured 
variables may be involved. 
5.4.5 Reasons for unexpectedly high levels of gene flow between the Chernobyl 
lakes 
As previously discussed (see Chapter 1, section 1.2.2), the evidence suggests that Odonata 
adults are likely to remain in the lake from which they emerged and are not likely to 
disperse or migrate to other lakes. Mark-release-recapture studies have found that 
movements of C. mercuriale are restricted, with 73% of recaptured individuals having 
moved less than 50 m (Watts et al. 2004c). This is supported by genetic evidence from 
population studies using microsatellites (Watts et al. 2004c; Watts et al. 2005; Watts et al. 
2006). 
A recent microsatellite-based study of the damselfly C. mercuriale analysed individuals 
obtained from eight sites along a 10 km stretch of the Itchen Valley, UK (Watts et al. 
2004c). Whilst there were no significant differences between the three most closely 
located sites, FST values calculated for the majority of other pairwise site comparisons were 
significantly different from zero at P<0.05 and ranged from 0.023 - 0.139 (Watts et al. 
2004c). Despite all sites being linked by a continuous stretch of habitat (the Itchen River) 
significant differences were found between sites located just 1 km apart (Watts et al. 
2004c). A further microsatellite study of C. mercuriale investigated two populations 
situated in Devon, UK (Watts et al. 2005). Despite the two populations being located just 
3.5 km apart, significant differences were found between them (FST = 0.2512, P<0.05) 
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(Watts et al. 2005). Significant differences were also found between closely located C. 
mercuriale populations in Pembrokeshire, UK (Watts et al. 2006). Microsatellite analyses 
revealed that populations less than 2 km apart were significantly different (FST = 0.0158. 
P<0.05) (Watts et al. 2006). 
Evidence from mark-release-recapture and microsatellite studies suggest that C. mercuriale 
exist in highly differentiated populations and dispersal levels are low (Purse et al. 2003; 
Watts et al. 2004c). To date, there are no known published studies concerning the 
dispersal of E. najas. However, based on the evidence from C. mercuriale studies, it is 
suggested that expected dispersal rates of E. najas would also be low. This makes the high 
levels of gene flow found in the Chernobyl region surprising. 
Unexpectedly high levels of gene flow were found between populations of the damselfly 
Lestes viridis (Vander Linden 1825) in permanent ponds in northern Belgium (Geenen et 
al. 2000). Mark-release-recapture studies found that none of the recaptured individuals 
had moved between ponds (Geenen et al. 2000). However, an allozyme electrophoresis 
study revealed that only one of the eight ponds sampled was significantly different from 
the others (Geenen et al. 2000). The authors suggest that the high levels of gene flow are 
due to substantial teneral dispersal (Geenen et al. 2000) (tenerals are not marked in mark- 
release-recapture studies due to the high risk of damaging fragile specimens). The high 
levels of gene flow found in the Chernobyl region may therefore be due to high dispersal 
rates of tenerals. Further study would help to clarify this possibility. 
It has been documented that Coenagrionids are more likely to disperse and migrate when 
there is a climatic or environmental reason for them to do so (e. g. inhabitation of 
temporary water bodies in Africa) (Corbet 1999). Unexpectedly high levels of gene flow 
were found between populations of E. carunculatum inhabiting the Great Basin area of the 
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Western USA (Simpkin et al. 2000). This species is known not to be migratory (Walker 
1953) and other Enallagma species have been found to be highly philopatric (McPeek 
1989). However, a protein electrophoresis study found high levels of gene flow between 
populations situated over 150 km apart (Simpkin et al. 2000). The authors suggest that this 
unexpectedly high level of gene flow is due to the scarcity and ephemerality of the aquatic 
habitats within the Great Basin region and that the poor habitat quality has triggered 
increased dispersal (Simpkin et al. 2000). 
Whilst the lakes in the Chernobyl region are permanent water bodies, habitat quality may 
have been reduced by the deposition of radionuclides following the Chernobyl accident. It 
is theoretically possible that radionuclide deposition in particular lakes at the Chernobyl 
region has caused the elevated dispersal and migration rates of some E. najas individuals 
away from those lakes to surrounding less contaminated lakes. This would account for the 
unexpectedly high levels of gene flow found in this study. However, the population 
density of E. najas individuals at the highly contaminated Glubokoye Lake appeared to be 
comparable to that of the other lakes (and higher than that of Svyatskoye # 5). If 137Cs 
contamination had caused the migration of E. najas away from contaminated lakes and into 
clean lakes, it is likely that only a subset of individuals were affected. Whilst it is possible 
that radioactive contamination has caused increased levels of gene flow in the Chernobyl 
region, this study has not revealed any evidence to support this suggestion. 
Dispersal capability of some odonates has been linked to body size, with larger species 
dispersing over longer distances (Angelibert and Giani 2003). However, a mark-release- 
recapture study found the dispersal rates of two large damselflies C. splendens and C. 
vvirgo, to be low with the average dispersal radius of individuals being between 0.14 and 
0.18 km (Stettmer 1996). E. najas, a medium sized damselfly, is larger and more robust 
than C. i, wr'cliriale (Brooks and Askew 1999). It is possible therefore that dispersal rates 
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of E. najas are higher than those estimated for C. mercuriale. How-ever, significant 
differences between C. mercuriale populations located just 1 km apart were found (Watts 
et al. 2004c) whilst there were no significant differences between E. najas lake populations 
located over 200 km apart at Chernobyl. Therefore, if dispersal was the cause of high 
levels of gene flow in the Chernobyl region, dispersal rates of E. najas must be 
substantially higher than those of C. mercuriale. 
The difference in molecular marker used in the C. mercuriale study and the present study 
may also be able to account for the conflicting findings. The C. mercuriale studies used 
microsatellites whilst this study used mtDNA sequence data. It is possible that 
microsatellite markers are more sensitive to recent divergence (due to increased mutation 
rates) and therefore are more likely to reveal small scale isolation by distance than 
sequence data. A previous study on the mosquito Anopheles arabiensis Patton 1905 found 
high levels of population differentiation with microsatellite markers that was not evident 
with mtDNA data (Temu and Yan 2005). If mtDNA sequencing had been used in the C. 
mercuriale studies, the differentiation of closely located populations may not have been 
revealed. Conversely, the use of microsatellite markers in this study may have revealed 
increased levels of population differentiation. A further study of the Chernobyl specimens 
using microsatellite markers would help to clarify this situation (although microsatellite 
isolation was unsuccessful, see Chapter 3). 
5.4.6 Why was no reliable sequence data obtained for three of the UK specimens? 
Reliable sequence data was obtained for all specimens selected with the exception of three 
of the UK specimens (UK 8, UK 9 and UK 10). Specimens UK 8 and UK 9 both failed to 
amplify sufficient product at the initial PCR stage when amplifying with primers LCO1490 
and C2N3665. This meant that bands could not be cut out and sequenced for these 
individuals. It is possible that the DNA added to the PCR reaction was either too 
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concentrated thereby increasing the level of PCR inhibitors or was not concentrated 
enough. PCR reactions were repeated with these specimens using 1 µl undiluted genomic 
DNA, 1 µl genomic DNA diluted 1 in 10 and 1pl. genomic DNA diluted 1 in 50 but still 
no PCR products were visible on the agarose gels. It is also possible that these individuals 
have a mutation in the primer site, preventing annealing of the primer during PCR and 
subsequently resulting in no amplicon. 
Specimen UK 10 produced a strong PCR product in the initial reaction with LCO1490 and 
C2N3665. When this product was subsequently sequenced, no readable sequence was 
obtained. Despite the initial PCR and sequencing being repeated twice, no readable 
sequence data was obtained. Sequencing reactions can fail to produce readable sequence 
data for a number of reasons. There may have been a problem with the sequencing 
reaction such as the concentration of DNA template being too low. There may also have 
been problems with the sequence reaction clean-up. It is anticipated that with more 
attempts at sequencing and perhaps more optimisation, a readable sequence would have 
been obtained for this specimen. However, due to time and financial constraints, this 
sample had to be excluded from the data set. 
5.4.7 Further work 
In order to ascertain exactly how the high levels of gene flow at Chernobyl compares to 
other areas with no 137Cs contamination, it would be interesting to repeat this study using a 
number of lakes located in a similar landscape, but in a different area (e. g. in the UK). If 
samples were taken from a number of such lakes (that were comparable to the Chernobyl 
lakes in terms of the distance between them) and the FST values were similar to those found 
at Chernobyl, this would suggest that the Chernobyl situation was not unusual and 
therefore not caused by 
137Cs contamination However, if the FST values were higher 
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between such lakes, this would suggest that the situation in Chernobyl is unusual and 
potentially caused by other factors such as 137Cs contamination. 
Given that mtDNA mutations are easily fixed in a population, it would be interesting to 
repeat this study using a nuclear gene. If similar levels of FST were obtained between the 
Chernobyl lakes with nuclear sequences then this would indicate high levels of migration 
between lakes. If higher levels of FST were obtained using nuclear sequences, this would 
indicate that the level of migration between lakes may be low. 
5.4.8 Limitations of this study 
This large scale study involved sequencing a2 kb stretch of mtDNA from 87 E. najas 
individuals from a total of nine lakes. Ideally more individuals from each lake would have 
been sequenced but this was not possible due to time and financial constraints. 
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5.5 Conclusions 
The E. najas populations sampled in this study, based upon mitochondrial sequence 
information, are not genetically discrete and exist as two metapopulations between which 
there is extensive gene flow. Whilst there is no evidence to suggest that high ' 37Cs levels 
in particular lakes have caused this unexpectedly high level of gene flow, this possibility 
cannot be discounted. Additional studies would be required to investigate this further. 
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Chapter 6 
Conclusions 
Current international and UK radiation protection guidelines are based primarily on what 
constitutes safe doses of ionising radiation for humans (ICRP 1991). Whilst the radiation 
protection criteria to protect human health are well established, there is less information 
with respect to the impact of ionising radiation on non-human biota, particularly for low 
chronic exposures in the field. The 1986 Chernobyl accident released large amounts of 
radioactive contamination into the surrounding environment. The region therefore 
provides a suitable site for investigations into the effects of ionising radiation on non- 
human biota. Studies of this type are important in order to establish whether or not current 
anthropocentric radiation protection guidelines are appropriate for the protection of the 
wider environment. 
The effects of Chernobyl derived ionising radiation has previously been investigated in 
plants (Moller 1998), stag beetles (Moller 2002), barn swallows (Moller 1993b) and yellow 
necked mice (Oleksyk et al. 2004) using fluctuating asymmetry (FA) techniques. Genetic 
effects of ionising radiation have been investigated at Chernobyl in scots pine (Kalchenko 
et al. 1993), wheat (Kovalchuk et al. 2000), fish (Sugg et al. 1995; Sugg et al. 1996; 
Lingenfelser et al. 1997; Dallas et al. 1998), voles (Baker et al. 1999; Wickliffe et al. 
2002; Wickliffe et al. 2006) and humans (Dubrova et al. 1996; Weinburg et al. 1997; 
Weinburg et al. 1999; Zotti-Martelli et al. 1999; Livshits et al. 2001; Weinburg et al. 2001; 
Dubrova et al. 2002; Kiuru et al. 2003; Garcia and Mandina 2005) using a variety of 
markers. There is a lack of studies investigating the effects of ionising radiation on aquatic 
invertebrates from the Chernobyl region. This study aimed to investigate the effects of 
Chernobyl-derived radionuclide contamination on the red-eyed damselfly, E. najas. 
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With the exception of the yellow necked mice study (Oleksyk et al. 2004) previous studies 
investigating the effects of ionising radiation on non-human biota in the Chernobyl region 
involved a limited number of sample sites, specimens and dose rates (for example Moller 
1993; Moller 1998; Moller 2002). The large scale study presented here involved analysis 
of 720 E. najas specimens sampled from eight lakes in the Chernobyl region. The lakes 
ranged in ' 37Cs contamination levels from the highly contaminated Glubokoye Lake 
(37000 kBqm-2 (Sansone and Voitsekhovitch 1996) or 15500 kBgm-2 (G. P. Laptev, 
Ukrainian Hydrometeorological Institute, Kiev, pers. comm. 2005)) to the relatively 
unaffected Dvorische Lake (100 kBgm-2 (De Cort et al. 1998)). This wide 1 37Cs gradient 
enabled a robust investigation of the effects of ionising radiation over a range of dose rates. 
In general, insects are less radiosensitive than other higher organisms and mortality effects 
on insects were not expected to result from the chronic low dose rates experienced by E. 
najas in the Chernobyl region. Therefore more sensitive indicators of effects of radiation 
were used. This study, for the first time, investigated the effects of ionising radiation on E. 
najas using a range of biomarkers allowing fitness to be assessed both phenotypically (by 
the use of FA techniques) and genetically (by the use of ISSR markers and mtDNA 
sequencing techniques). 
FA was assessed by the analysis of eight bilateral traits. There were no relationships found 
between FA and 137Cs or internal dose rates and there were no significant differences found 
between the eight lakes in terms of FA. There is no evidence to suggest that radioactive 
contamination from the Chernobyl region has had adverse effects on E. najas populations 
with respect to FA. It is possible that higher levels of radioactive contamination than those 
found in aquatic systems at Chernobyl are required before FA becomes evident. 
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A study using ISSR markers found significant differences between lakes in terms of ISSR 
profiles. Svyatskoye #5 was different from the other lakes in terms of genetic distance 
and band composition, whilst Svyatoye #7 and Glubokoye were similar to each other but 
different from the other lakes in terms of band composition and structure. Neither ' 37Cs 
contamination levels nor internal dose rates could account for differences in ISSR profiles 
between lakes and the study revealed no evidence of increased mutation rates in 
contaminated lakes. 
A mtDNA sequencing study investigated E. najas specimens from the eight Chernobyl 
lakes plus specimens from an additional lake in the UK. There was no variation in 
haplotype composition between the Chernobyl lakes and no evidence of a population 
bottleneck was found. Analysis of all lakes revealed no relationships between 137CS 
contamination and genetic distance between lakes. Following exclusion of the UK data 
set, a negative significant association was found between 137Cs levels and genetic distance 
between lakes. However, this relationship was driven by the high 137Cs levels of 
Glubokoye Lake and was therefore unreliable and potentially misleading. Sampling of 
other highly contaminated lakes may help to clarify this situation. There was a significant 
positive relationship between geographical distance between lakes and genetic distance 
between lakes. In summary, the mtDNA sequencing study revealed no evidence of an 
increased mutation rate in contaminated lakes and no adverse effects on E. najas 
populations were detected. 
The mtDNA sequencing study revealed unexpectedly high levels of gene flow between 
lake populations of E. najas. As there is no published data on movements of E. najas, it is 
possible that E. ngjas moves more frequently over larger distances than related species. It 
is also theoretically possible that radionuclide deposition in particular lakes in the 
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Chernobyl region has had detrimental effects on habitat quality and thereby caused 
elevated levels of dispersal and migration away from those lakes to surrounding lakes, 
(although this study has revealed no evidence to support this theory). It is also possible 
that the use of mtDNA as a marker was not sensitive enough to recent divergence and 
therefore did not reveal isolation by distance that may have been revealed by the use of 
other markers such as micro satellites. 
It is possible that high levels of gene flow may mask any genetic effects of ionising 
radiation such as increased mutation rates at particular lake sites. However, the stochastic 
perturbations that cause FA accumulate during the development of an organism and are 
presumed not to be heritable. Therefore, high levels of gene flow would not have any 
effect on the FA on individuals. 
6.1 Limitations of the present study 
The aquatic invertebrate selected for use in this study was larvae of the red-eyed damselfly, 
E. najas. This species was selected because it inhabits the marginal areas of lakes and is, 
at least for part of the time, in contact with the sediment. E. najas is also an active predator 
and contains many bilateral features suitable for measurement in a study of FA. One 
disadvantage of using this species is that adults have the ability to move between lakes, 
and, although the mtDNA sequencing study revealed high levels of gene flow between 
lakes, it is unknown to what extent mixing between lakes occurs. It is possible that the 
high levels of gene flow between lake populations indicated by the mtDNA sequencing 
study may have masked any detrimental effects of Chernobyl-derived radioactive 
contamination on lake populations. In the light of the results obtained, it would have been 
preferable to use a species that could not move between lakes thereby removing the added 
complication of genetic mixing from this study. Species such as the water hog louse, , -1. 
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aquaticus would have been a suitable species as this invertebrate completes its entire life 
cycle within the confines of one lake and also possess many bilateral features which could 
have been examined in an FA study. However, although A. aquaticus was present in some 
of the lakes sampled, very few specimens were obtained during preliminary sampling trips 
and it was thought very unlikely that a sufficient number of specimens could have been 
obtained to complete this study. The zebra mussel, D. polymorpha is another species that 
completes its life cycle in the confines of one water body. Although this species is present 
in the Chernobyl cooling pond, it is unknown whether or not it is present in the lakes 
sampled. This species inhabits the deeper, more central areas of the lake sediment and is 
collected from sediment grab samples. This method of sampling requires a boat and 
additional equipment which was unavailable for use at some of the lake sites. In addition, 
the zebra mussel lacks bilaterally symmetrical features suitable for use in an FA study. In 
summary, E. najas, being available, easy to sample and containing bilateral features 
suitable for use in an FA study, fulfilled the majority of the preferred criteria for a study 
species and was a suitable species to use. 
The study lakes were selected to cover a wide 137Cs gradient whilst being as similar as 
possible to one another in all other respects. However, subtle differences between lakes 
are inevitable as the study investigates a natural ecosystem. The ISSR and mtDNA studies 
revealed that individuals from Svyatskoye #5 were different to individuals from other 
lakes. Although not directly measured, the population density of E. najas at this lake 
appeared to be lower than that of other lakes. This lake was also deeper and had the lowest 
pH of the lakes, having been measured at 6.3 in September 2003. Despite these differences 
between Svyatskoye #5 and the other lakes, Svyatskoye #5 was an important lake to 
include as it occupied a position midway along the 137Cs gradient, containing a '37Cs 
contamination density of 983 kBgm-2. Although the lakes differed from one another in 
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some physical and chemical respects, these differences were minor in comparison to the 
large differences between lakes in terms of 137Cs contamination density. In summary, 
whilst the results obtained in this study may have been driven by one or a combination of 
factors, this study has revealed no evidence to suggest that adverse effects have been 
caused by Chernobyl-derived radioactive contamination on E. najas populations. 
In the present study, the calculation of external dose rates to E. najas larvae had high 
uncertainty, partly due to the use of average sediment contamination values for each lake 
which may have not accurately represented the sediment contamination levels at the 
fringes of the lake. This uncertainty could have been limited by the use of TLD's placed in 
the sediment and water column at the sampling locations within lakes and left for a set 
period of time (e. g. three months). These TLD's could then have been used to more 
accurately estimate external dose rates of ionising radiation at particular locations within 
each lake. 
In total, 720 E. najas specimens were examined in the FA study and 10% of specimens 
were remeasured in order to estimate the level of measurement error. During analysis of 
these data, it became evident that a more robust analysis would have been possible with 
less individuals measured (e. g. 50), but with 100% of individuals being remeasured. This 
would have increased the power of the two way sides x individuals ANOVA to detect 
significant differences. 
6.2 Further studies 
In order to better understand the reasons behind the apparent high levels of gene flow, a 
further mtDNA sequencing study could be undertaken at a site similar to the Chernobyl 
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region but without the presence of radioactive contamination. If high levels of gene flow 
were found in this further study, then it would suggest that this situation at the Chernobyl 
region was not unusual. However, if the further study found higher levels of isolation by 
distance, then this may suggest that the high levels of gene flow found at Chernobyl were 
unusual and further investigation would be required to ascertain the reasons behind this. 
The present study has revealed no evidence of adverse effects of Chernobyl-derived 
radionuclide contamination on E. najas lake populations. It is suggested that for the 
markers used in this study, the dose rates of radiation experienced by E. najas populations 
sampled in the Chernobyl region were below the threshold levels required to cause 
detectable adverse effects. Future laboratory-based experiments in which E. najas are 
exposed to higher dose rates of ionising radiation may enable these threshold levels to be 
revealed. 
6.3 Summary 
In Chapter 1 section 1.6, the following questions were posed and have been answered by 
the work presented in subsequent chapters: 
Question 1: Is FA of E. najas populations related to 137Cs contamination levels or internal 
dose rates of ionising radiation? 
There is no relationship between FA and 137Cs contamination or internal dose rates. 
Question 2: Is there gene. flow between E. najas lake populations? 
The intDNA sequencing study indicated unexpectedly high levels of gene flow between 
the Chernobyl lake populations. 
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Question 3: Does the genetic data indicate that there has been a bottleneck in E. najas 
populations from the Chernobyl region? 
The mtDNA sequencing study revealed no evidence of a population bottleneck. 
Question 4: Is heterozygosity of E. najas populations related to 137 Cs contamination levels 
or internal dose rates of ionising radiation? 
Microsatellite isolation was unsuccessful meaning that heterozygosity levels could not be 
estimated. 
Question 5: Is genetic distance between lakes related to 137Cs contamination levels or 
internal dose rates of ionising radiation? 
Genetic distance between lakes is probably not related to dose rates of ionising radiation, 
however further work would be needed to confidently confirm the null hypothesis. 
Question 6: Are mutation rates elevated in contaminated lakes? 
The genetic data revealed no evidence of increased mutation rates in contaminated lakes. 
The effects of radioactive contamination on the fitness E. najas populations has been 
examined both phenotypically and genetically. Chernobyl-derived radionuclide 
contamination has had no observable adverse effects on E. najas populations with respect 
to FA. The genetic studies revealed no evidence of either increased mutation rates in 
contaminated lakes or population bottlenecks. In summary, there is no evidence that 
Chernobyl-derived radioactive contamination has had any adverse effects on the fitness of 
E. najas populations. Despite sampling E. najas from Glubokoye Lake, the most 
contaminated natural lake in the world, no adverse effects were found. It is therefore 
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suggested that current radiation protection guidelines are more than adequate to protect 
aquatic insects from ionising radiation. 
Finally, the overall hypothesis to be tested in this study was: 
Radioactive contamination released by the Chernobyl accident has had adverse 
effects on the fitness of E. najas populations. 
Based on the findings of an FA, an ISSR and an mtDNA sequencing study, no evidence 
could be found to support this hypothesis. 
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